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Abstract 

Tumor necrosis factor alpha (TNF) is increased in depression and clinical-trial evidence 

indicates that blocking peripheral TNF has some antidepressant efficacy. In rodents, 

peripheral or intracerebroventricular TNF results in sickness e.g. reduced body weight, 

altered emotional behavior and impaired memory. However, the underlying pathways and 

responsible brain regions are poorly understood. The aim of this mouse study was to 

increase understanding by comparing the effects of sustained increases in TNF in the 

circulation, in brain regions impacted by increased circulating TNF, or specific brain regions. 

Increased peripheral TNF achieved by repeated daily injection (IP-TNF) or osmotic pump 

resulted in decreased body weight, decreased saccharin (reward) consumption, and 

increased memory of an aversive conditioned. These effects co-occurred with increased 

plasma interleukin-6 and increased IP-derived TNF in brain peri-ventricular regions. An 

adenovirus-associated viral TNF vector (AAV-TNF) was constructed, brain injection of which 

resulted in dose-dependent, sustained and region-specific TNF expression, and was without 

effect on blood cytokine levels. Lateral ventricle AAV-TNF yielded increased TNF in the same 

brain regions as IP-TNF. In contrast to IP-TNF it was without effect on body weight, saccharin 

consumption and fear memory, although it did increase anxiety. Hippocampal AAV-TNF led 

to decreased body weight. It increased conditioning to but not subsequent memory of an 

aversive context, suggesting impaired consolidation; it also increased anxiety. Amygdala 

AAV-TNF was without effect on body weight and aversive stimulus learning-memory, but 

reduced saccharin consumption and increased anxiety. This study adds significantly to the 

evidence that both peripheral and brain region-specific increases in TNF lead to both 

sickness and depression- and anxiety disorder-relevant behavior and do so via different 

pathways. It thereby highlights the complexity in terms of indirect and direct pathways via 
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which increased TNF can act and which need to be taken into account when considering it as 

a therapeutic target. 
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• Blood TNF induces sickness, reduces reward drinking and increases fear memory  

• AAV-TNF vector induces CNS region-specific increased TNF and microglia activation   

• Hippocampal TNF induces sickness, impairs memory and increases anxiety 

• Amygdala TNF reduces reward drinking and increases anxiety 
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1. Introduction 

Major depressive disorder (hereafter depression) is a heterogeneous mental illness with 

symptoms including sadness, amotivation, helplessness, fatigue, weight change, sleep 

disturbance, impaired cognition, and suicidality (American Psychiatric Association, 2013; 

World Health Organization, 1992). Its prevalence is increasing and by 2020 depression is 

predicted to be the second major cause of disability worldwide (Murray and Lopez, 1996). It 

has a high co-morbidity with anxiety disorders (American Psychiatric Association, 2013). The 

etio-pathophysiology of depression remains poorly understood, however, and with current-

generation therapies only one third of patients reach full remission (Warden et al., 2007). 

Recently, human studies have linked depression with inflammation, including the pro-

inflammatory cytokine network (Dantzer et al., 2008; Maes, 1995; Miller et al., 2009; Smith, 

1991). Depression exhibits high comorbidity with chronic inflammatory diseases including 

rheumatoid arthritis and multiple sclerosis, and is prevalent in individuals undergoing 

chronic cytokine therapy (Dantzer et al., 2008). The term sickness is often used to describe 

the weight loss, amotivation, fatigue and impaired cognition that occur in such patients (and 

indeed those with common pathogen infections), and the overlap with depression - at the 

symptom level at least - is clear. Tumor necrosis factor alpha (TNF-α, hereafter TNF), a pro-

inflammatory cytokine, exhibits increased levels in blood (Dowlati et al., 2010) and brain (in 

its transmembrane form, (Dean et al., 2010)) in depression patients. Indeed, peripheral 

blockers of TNF action are under clinical investigation for treatment of depression: with the 

monoclonal TNF antibody infliximab, efficacy was demonstrated in a sub-group of patients 

with high baseline plasma CRP and TNF levels (Raison et al., 2013), and with the TNF blocker 

etanercept, depression and fatigue scores were reduced in psoriasis patients (Tyring et al., 

2006). 
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Animal studies are essential to investigate for causality between increased TNF levels 

in the circulation or brain, and physical, behavioral and neurobiological changes relevant to 

sickness and depression. Whilst only a small number of such studies have been conducted to 

date, they have yielded supportive evidence for important TNF effects. In mice, acute TNF 

administration in the periphery led to reduced body weight and less social exploration 

(Bluthé et al., 1994) and reduced operant self-stimulation of lateral hypothalamus (van 

Heesch et al., 2013). Acute delivery of TNF into the lateral brain ventricles (intra-

cerebroventricular, i.c.v.) also reduced social exploration (Bluthé et al., 1994; Palin et al., 

2007, 2009). Furthermore, it reduced active responding in the forced swim test and tail 

suspension test, and decreased consumption of the gustatory reward, sucrose (Kaster et al., 

2012). In the latter study, these TNF effects were prevented by i.c.v. co-administration of a 

TNF antibody (Kaster et al., 2012). Animal manipulations that model infection or chronic 

inflammatory disease and induce, as one of a constellation of immune responses, increased 

TNF levels, also lead to sickness and depression and anxiety disorder-relevant behavioral 

changes. For example, administering mice with peripheral lipopolysaccharide (LPS) to 

activate the innate immune system, led to increased plasma TNF (Biesmans et al., 2013; 

Dantzer et al., 2008) and brain Tnf mRNA (Lawson et al., 2013), and loss of body weight, 

reduced social exploration (Bluthé et al., 2000) and sucrose drinking (Frenois et al., 2007; 

Lawson et al., 2013). Also in mice, immune activation of the TNF receptor superfamily 

member CD40, important in the host-pathogen response and autoimmune disorders, 

induced increased levels of TNF in plasma and of Tnf mRNA, although not TNF protein, in 

brain, whilst reducing body weight and feeding, increasing sleep, reducing sucrose drinking 

and impairing learning; aspects of the immune response and the behavioral effects were 

prevented by peripheral TNF blocking with etanercept (Gast et al., 2013; Cathomas et al., 
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2015). Murine cytomegalovirus induced increased levels of TNF and interleukins in blood 

and of their respective genes in brain, with TNF contributing to an observed hyper-anxiety 

(Silverman et al., 2007). Experimental autoimmune encephalomyelitis (EAE) in mice, a model 

of multiple sclerosis, led to reduced activity in the center of an open field and impaired 

learning-memory, concurrent with increased brain TNF levels and signaling; certain of these 

effects were blocked by i.c.v. etanercept (Acharjee et al., 2013; Haji et al., 2012; Habbas et 

al, 2015). Chronic psychosocial stress in mice has also been demonstrated to increase TNF 

and interleukin levels and to lead to depression- and anxiety disorder-relevant behavior 

(Azzinnari et al., 2014; Fuertig et al., 2016; Kinsey et al., 2008). 

Therefore, there is rodent evidence that acute and specific increases in TNF in either 

the periphery or brain lead to weight loss and specific changes in behavior of relevance to 

depression and anxiety disorder, with the two routes of TNF administration leading to 

similar effects. Furthermore, there is rodent evidence that more prolonged increases in TNF 

in periphery and brain, induced as part of a constellation of immune changes by LPS or 

CD40-activation, lead to weight loss, other markers of sickness, and depression- and anxiety 

disorder-relevant behavior. Against this background, the aims of the current mouse study 

were to investigate and directly compare the effects of (1) continuous/daily-repeated 

peripheral TNF administration versus (2) continuous brain region-specific viral vector TNF 

expression on: inflammation in periphery and brain, body weight, emotional behavior, and 

memory. The behavioral tests utilized were the two-bottle saccharin versus water test for 

assessment of interest in gustatory-reward; general context or specific auditory-stimulus 

conditioning to footshock for assessment of fear reactivity, and next-day test of fear 

expression for assessment of memory; two-way approach-avoidance conflict test for 

assessment of anxiety. In the research domain criteria (RDoC) framework for mental health 
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research, reward interest is a dimension in the domain Positive valence systems, fear and 

anxiety are in the domain Negative valence systems, and memory is in the domain Cognitive 

systems (Cuthbert and Insel, 2013). The observed constellations of immune, physical and 

behavioral effects induced by TNF were compartment- and brain region-specific. This study 

adds significantly to the evidence that a sustained increase in either peripheral or central 

TNF exerts effects on sickness and emotional and cognitive behaviors, with the latter effects 

being brain region-dependent. It highlights the complexity in terms of indirect and direct 

pathways via which increased TNF can act and which need to be taken into account when 

considering it as a therapeutic target for the treatment of sickness and affective pathologies.  

 

2. Materials and Methods 

2.1. Animals and maintenance  

Male C57BL/6J mice (Janvier Labs, Le Genest-Saint-Isle, France) were delivered in littermate 

pairs and accustomed to the new environment for two weeks. Mice were aged 10 to 12 

weeks and weighed 25.0 to 30.0 g at study onset. They were maintained on a reversed 12:12 

h light-dark cycle (lights off 07:00-19:00) in an individually-ventilated caging system (IVC) at 

20-22 °C and 50-60 % humidity. Cages were type 2L and contained woodchips, a sleep igloo 

and tissue bedding. Complete-pellet diet (Provimi, Kliba Ltd, Kaiseraugst, Switzerland) and 

water were available continuously. In the week prior to the onset of an experiment, mice 

were handled on three days. The study was conducted under a permit (170/2012) for animal 

experimentation issued by the Veterinary Office, Zurich, Switzerland. All efforts were made 

to minimize the number of mice used and unnecessary stress. 

 

2.2. Experiments with repeated i.p. TNF injection 
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Daily repeated peripheral injection of recombinant murine TNF (ImmunoTools, Friesoythe, 

Germany) was performed intra-peritoneally (i.p.) in non-anaesthetized mice. TNF was 

reconstituted in dH2O vehicle and, based on previous studies (Bluthé et al., 1994; van Heesch 

et al., 2013), injected daily at a concentration of 20 or 40 ng/g body weight (in a 25 g mouse, 

equivalent to 0.5 and 1.0 μg/day, respectively) on consecutive days. Mice were maintained 

in littermate pairs with both mice per pair assigned to the same dose group. 

 Naive mice (n=22) were studied to investigate effects on TNF plasma and brain levels, 

and on body weight as a sickness measure. Mice were allocated randomly to TNF at 40 ng/g 

(IP-TNF40, n=11) or vehicle (IP-VEH, n=11). Injections were given at 16:00 on 10 consecutive 

days. Body weight was taken daily at 16:00. On day 9, from a subset of IP-TNF40 (n=5) and 

IP-VEH (n=5) mice, tail-vein blood samples were collected at 1, 3 and 6 h post-injection, for 

plasma TNF determination. On day 10, 1 h after the last injection, all IP-TNF40 and IP-VEH 

mice were decapitated. In one subset (IP-TNF40 n=4, IP-VEH n=4), trunk blood was collected 

for TNF, IL-6 and IL-10 determination and brains were extracted and frozen on dry ice for 

TNF determination. In the other subset (IP-TNF40 n=6, IP-VEH n=6) the spleen was extracted, 

cleaned and weighed.  

 To assess whether repeated i.p. TNF administration results in passage of TNF into the 

brain, naive mice were injected i.p. with human TNF. Human and murine TNF protein 

structures are similar (Brouckaert et al., 1986; Kuprash et al., 1999) and would be expected 

to exhibit similar peripheral-brain passage (Banks et al., 1995), which in turn is dependent on 

the inflammatory environment (Erickson and Banks, 2011). Naive mice were injected daily 

for 5 days at 16:00 with human TNF (ImmunoTools) at a dose of 40ng/g IP-hTNF (low hTNF, 

n=3) or IP-VEH (VEH, n=3), or once at a dose of 400ng/g IP-hTNF (high hTNF, n=3). At 1 h 

after the final injection, mice were decapitated and trunk blood and brains were collected 
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and processed for TNF determination. 

 For fear conditioning (see section 2.5.1), naive mice (n=32) were allocated randomly 

to three groups: TNF at 20ng/g (IP-TNF20, n=10), TNF at 40 ng/g (IP-TNF40, n=10), and 

vehicle (IP-VEH, n=12). Injections were given at 16:00 on 4 consecutive days. On days 4-5 at 

08:30-12.30, mice underwent fear conditioning and expression testing, respectively. In naive 

mice (n=24) studied in the two-bottle saccharin test (see section 2.5.2), where day 1 was the 

first day of TNF injection, baseline water consumption was measured on days -7 to -5, and 

baseline saccharin consumption and preference were measured on days -4 to 0. Counter-

balancing on baseline saccharin preference scores, mice were allocated to IP-TNF20 (n=8), 

IP-TNF40 (n=8), IP-VEH (n=8). TNF injections were given on days 1 to 6 at 16:00, and water 

and saccharin consumption were measured on days 4 to 9. As well as providing data for 

baseline consumption, pre-exposure of mice to saccharin prior to i.p. TNF injection also 

prevented taste-conditioned aversion related to any TNF-induced sickness (Cathomas et al., 

2015). 

2.3. Experiments with osmotic micropump s.c. TNF delivery 

With the aim of attaining continuous peripheral delivery of murine TNF, osmotic 

micropumps delivering 0.5 µl/h for 7 days (model 1007D, Alzet, Cupertino, USA) were 

implanted subcutaneously. In vitro experiments established appropriate conditions for TNF 

delivery: bovine serum albumin (0.5% w/v) was added to PBS 1x as vehicle. A pump 

containing 20 μg/ml TNF was placed in a 2 ml protein LoBind tube filled with 0.9% NaCl + 

0.5% BSA to mimic the subcutaneous space; constant TNF delivery at 40% of expected 

concentration was observed with loss attributed to binding and TNF denaturation. For in 

vivo experiments, osmotic pumps were filled according to manufacturer’s instructions with 

100 μL 40 µg/ml murine TNF in PBS 1x + 1% BSA as vehicle, or vehicle only. For implantation, 
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mice were anesthetized with a triple anesthesia of fentanyl, midazolam and medetomidine 

(2.4 μl/g) i.p., a small incision was made between the scapulae and the pump was positioned 

caudally to the incision, which was sutured. Mice were injected i.p. with an anesthetic-

antagonist of flumazenil and atipamezole (7.2 μl/g). Mice were singly housed thereafter. 

Given that the pump delivered 0.5 µl/h and 12 µl/day, expected delivery was 480 ng 

TNF/day (e.g. ca. 20 ng/g body weight in a 25 g mouse) and therefore comparable to the 

daily doses in the repeated i.p. TNF experiments.  

 Naive mice were implanted on day 0 with an osmotic pump containing 40 µg/ml TNF 

(OP-TNF40, n=6) or vehicle (OP-VEH, n=9). All mice were weighed daily at 16:00. On days 1, 3 

and 6, a tail-vein blood sample was collected for plasma TNF determination, and on day 7 

mice were decapitated and trunk blood was collected for determination of plasma TNF, IL-6 

and IL-10. Spleens were removed, cleaned and weighed. To control whether pumps had 

delivered the expected volume, the residual volume was withdrawn and measured post-

experiment. 

 Naive mice were assessed in the two-bottle saccharin test. Where day 0 was the day 

of pump implantation, mice were habituated to drinking bottles on day -14, on days -12 to -

10 baseline water consumption was measured, and baseline saccharin consumption and 

preference on days -7 to -3. Mice were allocated to two groups, OP-TNF40 and OP-VEH 

(n=6/group). Water and saccharin consumption were measured on days 1 to 5. Body weight 

was measured daily.  

2.4. Experiments with brain region-specific AAV-vector TNF expression 

2.4.1 Construction and production of viral vectors 
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Construction of self-complementary adenovirus-associated virus vector plasmids 

Self-complementary (sc) adenovirus-associated virus (AAV) vector plasmids (p) were 

constructed as described (McCarty et al., 2003; Wang et al., 2003). Briefly, the terminal 

resolution site (trs) and the D-sequence (the packaging signal) were deleted by Bal I 

restriction within the AAV serotype 2 (AAV-2) 5’ inverted terminal repeat (5’-ITR) of psub-2-

CBA-WPRE (Paterna et al., 2000, 2004), resulting in pscAAV-2-∆3’-ITR. Subsequently, the 

multiple cloning site (MCS) of pBluescript II SK (+) (Stratagene) together with the AAV-2 3’-

ITR and simian virus 40 late polyadenylation signal [SV40p(A)] containing fragment of psub-

2-CMV-WPRE (Paterna et al., 2000) were inserted into pscAAV-2-∆3’-ITR, resulting in 

pscAAV-2-MCS-SV40p(A). The human cytomegalovirus (hCMV) promoter/immediate-early 

enhancer (IE) of pEGFP-N1 (Clontech) and the chimeric intron (chI) of pSI (Promega) were 

inserted into pscAAV-2-MCS-SV40p(A), resulting in pscAAV-2-hCMV-chI-SV40p(A). The EGFP 

open reading frame (ORF) of pEGFP-N1 was PCR-amplified using primers containing direct 

repeated, reverse oriented loxP sites and inserted into pscAAV-2-hCMV-chI-SV40p(A), 

resulting in pscAAV-2-hCMV-chI-floxedEGFP-SV40p(A). The murine TNF-alpha ORF was 

isolated from total murine RNA by reverse transcription PCR and inserted in place of the 

EGFP ORF into pscAAV-2-hCMV-chI-floxedEGFP-SV40p(A), resulting in pscAAV-2-hCMV-chI-

floxed mTNFalpha-SV40p(A). In order to generate a control AAV vector devoid of an ORF, the 

mTNF-alpha ORF and the 3’-loxP site within pscAAV-2-hCMV-chI-floxedmTNFalpha-SV40p(A) 

were removed, resulting in pscAAV-2-hCMV-chI-loxP-SV40p(A). The integrity of all constructs 

was confirmed by Sanger DNA sequencing and restriction endonuclease analysis. The 3’-loxP 

site was not required for the current experiments. 
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Production and purification of scAAV-8/2 vectors (capsid proteins of AAV-8, ITRs of AAV-2) 

The scAAV vectors, scAAV-8/2-hCMV-chI-floxedEGFP-SV40p(A), scAAV-8/2-hCMV-chI-floxed 

mTNFalpha-SV40p(A) and scAAV-8/2-hCMV-chI-loxP-SV40p(A), were produced and purified 

as described (Paterna et al., 2004; Zolotukhin et al., 1999). Briefly, human embryonic kidney 

(HEK) 293 cells (Graham et al., 1977) expressing the simian virus (SV) large T-antigen (293T) 

(DuBridge et al., 1987) were transfected by transient calcium phosphate- or 

polyethylenimine (PEI)-mediated co-transfection of AAV vector (see above), AAV helper 

(p5E18-VD2/8 (Gao et al., 2002)) and adenovirus (AV) helper (pBS-E2A-VA-E4 (Paterna et al., 

2000)) plasmids. At 72 hours post-transfection, HEK 293T cells were collected, supernatant 

discarded, and cells lysed by 4 freeze-thaw cycles (liquid nitrogen, -37 °C water bath) or by 

Bertin’s Minilys Homogenizer (VWR) in combination with 7 ml soft tissue homogenizing CK14 

tubes (VWR). The crude cell lysate was treated with Benzonase® endonuclease and cleared 

by centrifugation. The cleared lysate was subjected to discontinuous density iodixanol 

(OptiPrep™, Axis-Shield) gradient (isopycnic) ultracentrifugation. Subsequently, the iodixanol 

was removed from the fraction containing AAV vector by diafiltration (ultrafiltration) using 

Vivaspin 20 ultrafiltration devices (100’000 MWCO, PES membrane, Sartorius) and 1x PBS 

supplemented with 1 mM MgCl2 and 2.5 mM KCl. The AAV vectors were aliquoted and 

stored at -80 °C. 

Quantification of scAAV-8/2 vectors 

Encapsidated viral vector genomes (vg) were quantified using the Qubit™ 3.0 fluorometer 

(Life Technologies) in combination with the Qubit™ dsDNA HS Assay Kit (Life Technologies). 

Briefly, 10 µl of untreated and 10 µl of heat-denatured (5 minutes at 95 °C) AAV vector were 

quantified according to the manufacturer’s instructions. Intraviral (encapsidated) vg/ml was 
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calculated by subtracting the extraviral (non-encapsidated; untreated sample) from the total 

intra- and extra-viral (encapsidated and non-encapsidated; heat-denatured sample).  

AAV vector injection procedure and dose-finding 

Stereotaxic bilateral injection of AAV vector was performed using coordinates informed by a 

mouse brain atlas (Paxinos and Franklin, 2008). The AAV vector was adjusted to its working 

dilution in PBS-MK. Mice were anesthetized by i.p. injection of a mix of fentanyl, midazolam 

and medetomidine (2.4 μl/g) and placed in a stereotaxic frame. After a skin incision and 

exposure of the skull, the bregma was used to zero all coordinates using a binocular 

microscope and a hole was drilled at the desired coordinates. Using a microinjector 

(SP210iwZ, WPI, Berlin, Germany) fitted with a needle with outer diameter of 210 μm 

(Nanofil, 33G, WPI), mice were injected bilaterally with 1 µl per hemisphere at a rate of 200 

nl/min. After injection, the needle remained in place for 5 min to limit reflux along the 

injection tract, followed by slow retraction. The skin over the skull was closed with surgical 

clips, the incision site disinfected, and mice were injected i.p. with an anesthetic-antagonist 

of flumazenil and atipamezole (7.2 μl/g). 

To determine the working titer for the AAV-TNF vector, a range of titers was 

microinjected into the medial hippocampus: 1.1e10
 
vg/ml, 1.1e11

 
vg/ml or 1.1e12

 
vg/ml 

were used, injecting 1 µl unilaterally. After 14 days, the TNF concentration in tissue lysates 

from medial hippocampus was measured and normalized to protein titer (see Section 2.7. 

for details). In a second pilot experiment, the AAV-EGFP vector was injected i.c.v. at a titer of 

5e12 vg/ml to identify those regions that take up AAV-vector through this route; after 14 

days of expression, brains were processed for fluorescence microscopy. EGFP expression 

was visualized in the following regions: fimbria hippocampi, surrounding the lateral and third 

ventricles i.e. paraventricular thalamic nucleus, habenula, stria terminalis, dentate gyrus, 
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para-, supra and peri-ventricular hypothalamic nuclei (hereafter termed periventricular 

regions), also hypothalamus, hippocampus, aqueduct and pontine nuclei (see Results, Figure 

S2). Pilot behavioral experiments conducted with mice injected with the AAV-EGFP vector in 

lateral ventricle, hippocampus or amygdala identified mild but significant behavioral effects 

relative to mice injected with the control vector (AAV-CON vector, no ORF) or with PBS 

(Baens et al., 2006). EGFP acts on several signaling pathways including the NF-κβ pathway of 

cytokine gene expression, and is therefore not a suitable control protein in certain 

experimental designs as reported previously (Baens et al., 2006). Therefore, AAV-CON was 

used as the control vector throughout the study. 

2.4.2. AAV-TNF target regions and experiments 

The target regions for the study of AAV vector-mediated increased TNF expression were 

lateral ventricle, hippocampus and amygdala. In all experiments, 14 days were allowed 

between injection and onset of behavioral testing, for surgical recovery and vector 

expression. Mice were maintained in littermate pairs with both mice per pair assigned to the 

same vector group. 

Lateral Ventricle (i.c.v.) 

Naive mice (n=26) were used to investigate the effects of increased TNF levels following 

bilateral i.c.v. injection of AAV vector. The coordinates were anteroposterior (AP) 0.2 relative 

to bregma, mediolateral (ML) 0.5/-0.5, dorsoventral (DV) -0.28. Mice were injected with 

either AAV-TNF vector at 1.1e11 vg/ml (n=14) or AAV-CON at 1.1e10 vg/ml (n=6, n=12 with 

hippocampal AAV-CON mice, see below). Injections were performed on day 0. On days 14-

15, mice were tested in contextual fear conditioning, on day 16 in the two-way avoid-escape 

test and on days 18-22 a subset of mice was tested in the two-bottle saccharin test, 

comprising water consumption on days 18-19 and saccharin consumption and preference on 
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days 20-22. After the behavioral testing on day 22, mice were decapitated, trunk blood was 

collected and brains were fresh frozen for TNF determination. Mice injected with AAV-CON 

in hippocampus (n=6) exhibited equivalent behavior and region-specific TNF levels to these 

i.c.v. AAV-CON mice, and therefore the behavioral data from the two groups were pooled to 

give n=12 per region. In naive mice, AAV-TNF (n=6) or AAV-CON (n=6) were injected and 

after 14 days trunk blood was collected for determination of plasma levels of TNF, IL-6 and 

IL-10 at this time point.   

Hippocampus 

Naive mice (n=28) were used to investigate effects of bilateral increased TNF levels in medial 

hippocampus. The coordinates were AP -2.80, ML 2.5/-2.5, DV -1.8. Mice were injected with 

either AAV-TNF at 1.1e10 vg/ml (n=16) or AAV-CON at 1.1e10 vg/ml (n=6, n=12 with i.c.v. 

AAV-CON mice). On days 14-15 mice were tested in contextual fear conditioning, on day 16 

in the two-way avoid-escape test, and on days 18-22 a subset of mice was tested in the two-

bottle saccharin test, comprising water consumption on days 18-19 and saccharin 

consumption and preference on days 20-22. After the behavioral testing on day 22, mice 

were decapitated, trunk blood was collected and brains were fresh frozen for TNF 

determination.  

Amygdala 

Naive mice (n=24) were used to investigate effects of bilateral increased TNF levels in 

amygdala. The coordinates were AP -1.06, ML 2.8/-2.8, DV -4.95. Mice were injected with 

either AAV-TNF at 1.1e10 vg/ml (n=12) or AAV-CON at 1.1e10 vg/ml (n=12). On days 14-15 

mice were tested in auditory-stimulus fear conditioning, on day 16 in the two-way escape 

test, and on days 18-22 in the two-bottle saccharin test comprising water consumption on 

days 18-19 and saccharin consumption and preference on days 20-22. After the behavioral 
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testing on day 22, mice were decapitated, trunk blood was collected and brains were fresh 

frozen for TNF determination. A separate cohort of naive mice (n=9) was studied for the 

effects of increased amygdala TNF expression on plasma levels of TNF, IL-6 and IL-10; mice 

were injected with either AAV-TNF (n=6) or AVV-CON (n=3) at the titers used for behavioral 

testing. A further cohort was studied for the effects of increased amygdala TNF on microglial 

activation using Iba1 immunohistochemistry (see section 2.8): mice were injected with AAV-

TNF (n=5), AAV-CON (n=3) or VEH only (n=3). 

 

2.5. Behavioral testing 

2.5.1. Pavlovian fear conditioning-memory and two-way avoid-/escape anxiety 

Two strategies were used for testing behavior to aversive stimuli: (1) CS-US fear conditioning 

test followed by two-way US escape test; (2) context-US fear conditioning test followed by 

two-way CS-US avoid-escape test. Mice in the i.p. TNF and amygdala TNF experiments were 

tested using strategy 1, with the emphasis on CS fear learning-memory, which are amygdala 

dependent (Johansen et al., 2011).  Mice in the i.c.v. and hippocampus TNF experiments 

were tested using strategy 2, with the emphasis on context fear learning-memory, which are 

hippocampus dependent (Maren et al., 2013; Orsini and Maren, 2012). Testing was 

conducted between 08:00-14:00, using a Multi Conditioning system (TSE Systems GmbH, 

Bad-Homburg, Germany), details of which are given in (Azzinnari et al., 2014; Cathomas et 

al., 2015a; Pryce et al., 2012). Briefly, a Plexiglas arena was placed on an electrified grid 

floor, and a frame containing an infrared movement detection system in X, Y, Z planes 

surrounded the arena/grid. Four such units were each contained in an attenuating chamber 

with a ventilation fan, house lights (8 lux) and a loud speaker emitting low-level white noise. 

Prior to each session the arenas and the grids were wiped with 70% ethanol and the waste 
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tray was rinsed and dried.  

CS-US fear conditioning-memory and two-way US escape anxiety test 

The conditioning session comprised 6 trials of 20 s x 85 dB x 5 kHz tone conditioned stimulus 

(CS), the final 2 s of which overlapped with 0.2 mA inescapable footshock unconditioned 

stimulus (US). The interval between successive CS-US trials (inter-trial interval, ITI) was 120 s. 

Measures were % time freezing (no detection of any movement for a minimum of 2 s) during 

CS and ITI. In addition, distance moved during the US (US reactivity) was measured as a non-

specific marker of pain sensitivity, fear and arousal. On the following day, consecutive tests 

of fear expression to the context and CS were conducted. For contextual fear expression, the 

mouse was returned to the same arena without CS or US for 21 x 60 s intervals and % time 

spent freezing was measured. Directly afterwards, in the same context, the CS fear 

expression test was conducted, comprising 12 x 30 s CS separated by 90 s ITI, and % time 

freezing during CS was measured. On the next day, the two-way US escape test was 

conducted:  the same arena was divided into two identical compartments by a black divider 

that contained a gate so that mice could transfer readily between compartments. The test 

comprised 30 trials of 0.2 mA escapable US with a maximum duration of 5 s and with ITI of 

50 s. One transfer during the US terminated it and comprised an escape response, and 

absence of US transfer was an escape failure. Measures of interest were escapes, escape 

failures, % time freezing to ITI, ITI transfers and US reactivity. 

Context-US fear conditioning-memory and two-way CS-US avoid-escape anxiety test 

The conditioning session consisted of 6 inescapable footshocks of 2 s x 0.20 mA delivered at 

ITI of 120 s; % time freezing during ITI and US reactivity were measured. On the following 

day, the context fear expression test comprised 11 x 60 s intervals in the same arena; % time 
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freezing per 60 s interval was measured. On the next day the two-way CS-US avoid-escape 

test was conducted. The session comprised 30 CS trials of 85 dB x 5 kHz tone with a 

maximum duration of 10 s, the offset of which was coincident with the onset of a 0.2 mA 

escapable US with a maximum duration of 5 s, and ITI of 50s. One transfer between 

compartments during the CS immediately terminated the CS and resulted in avoidance of 

the US (avoid response); one transfer after the CS and during the US immediately terminated 

the US (escape response); absence of both avoid and escape responses resulted in 10 s CS 

and 5 s US (avoid-escape failure). Measures of interest were avoids, escapes, avoid-escape 

failures, % time freezing to CS, ITI transfers and US reactivity. 

2.5.2. Two-bottle saccharin versus water test 

A divider was used to form two compartments in the home-cage, and mice were habituated 

to being in separate compartments and to drinking from 15 ml polypropylene centrifuge 

tubes (Falcon, BD, Franklin Lakes, USA) from which the tip had been removed (Cathomas et 

al., 2015b). Each mouse was presented with two such tubes placed adjacently and fixed to 

the cage lid. These conditions were set up from 08:00 h to 16:00 h on each day of training 

and testing. Tubes were either filled with water or 0.05% saccharin in water (w/v) (saccharin 

sodium salt hydrate, Sigma-Aldrich, Buchs, Switzerland), with the left-right positioning of the 

two tubes alternated across days. Amount drunk per tube was estimated as tube weight (g) 

at 08:00 h – tube weight (g) at 16:00 h, and % saccharin preference was calculated as: 

(saccharin solution consumed/(saccharin solution + water consumed)) x 100. The two-bottle 

test allows for assessment of effects on the absolute level of reward consumption as well as 

the preference relative to water; if baseline reward consumption is high and little water is 

consumed, as in the present study, then absolute consumption provides the more sensitive 

measure. 
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2.6. Blood, brain and spleen collection and preparation 

Tail-vein blood samples (100 µl) were collected into chilled EDTA capillary tubes (Microvette 

CB 300 K2E, Sarstedt, Nürnbrecht, Germany). Following rapid decapitation, trunk blood (400-

500 μl) was collected into chilled EDTA-coated tubes (Microvette 500 K3E, Sarstedt). Bloods 

were centrifuged at 3000 rpm and 4 °C for 15 min, and plasma aliquots were transferred to 

cryotubes (Protein LoBind, Eppendorf, Basel, Switzerland) and stored at -80 °C. Following 

decapitation, the brain was removed from the skull, rinsed with ice-cold saline, frozen on 

powdered dry ice and stored at -80 °C. The spleen was removed, cleaned of fat and 

connective tissue, and weighed.  

2.7. Plasma and brain-tissue cytokine immunoassay 

In plasma samples, the concentrations of murine TNF, IL-6 and IL-10 were determined using 

a multiplexed particle-based flow cytometric cytokine assay according to a published 

procedure (Marques-Vidal et al., 2011; Cathomas et al., 2015). For TNF, the range of the 

standard curve was 0.1-30 pg/ml, and the lower limit of quantification (LLOQ) was 0.3 pg/ml. 

For TNF determination in specific brain regions, fresh frozen brains were cut coronally into 

sections of 1 mm in a mouse brain matrix at -18 °C and processed according to a previously 

published protocol (Azzinnari et al., 2014). Briefly, from the corresponding sections, brain 

regions of interest were microdissected from each hemisphere using a tissue biopsy 

micropunch (∅ = 1 mm): amygdala (1 biopsy/hemisphere) at bregma -0.8 to -1.8 ± 0.3 mm; 

medial hippocampus (2 biopsies/hemisphere) at bregma -2.3 to -3.4 ± 0.3 mm; and 

periventricular regions (surrounding lateral and third ventricle, i.e. paraventricular thalamic 

nucleus, habenula, stria terminalis, dentate gyrus, para-, supra and peri-ventricular 

hypothalamic nuclei, 5 biopsies in total) at bregma -0.2 to -1.1 ± 0.2 mm. Tissue biopsies per 

region/mouse were pooled and stored in a 1.5 ml ProteinLoBind polypropylene tube 



 
 

  

20 

(Eppendorf, model 022431081) at -80 °C. Tissue biopsies (0.5-4.0 mg) were lysed using MSD 

complete tris lysis buffer (MesoScaleDiscovery, Maryland, USA), a conventional tris lysis 

buffer containing EDTA and EGTA with the addition of protease inhibitor solution (Pierce 

78439, Thermo Fisher Scientific, Massachusetts, USA) and phosphatase inhibitor solution I 

and II (P-0044 and P-5726, Sigma-Aldrich), each at 0.01%. 100 µl of ice-cold MSD complete 

tris lysis buffer was added to each tube containing tissue biopsies and homogenized using 

ultrasonication of 2x 5 sec. Lysed tissue was left on ice for 20 min and then centrifuged at 

14’000 rpm for 10 min. The supernatant was pipetted into separate, pre-chilled Eppendorf 

tubes and used for protein and cytokine determination. Determination of murine TNF in 

brain-tissue lysates was performed using the same assay as for plasma samples, following 

validation: accuracy, calculated as recovery of TNF added to lysate containing a low level of 

TNF, was 95 %; LLOQ was 0.3 pg/ml lysate; intra-assay precision was 5.2 % (coefficient of 

variation, N=20 from a lysate sample pool); serial dilution of lysate pools yielded TNF values 

that ran in parallel to the standard curve. For human TNF following i.p. injection, an 

electrochemiluminescence assay was used (VPlex small spot kit for human TNF, 

MesoScaleDiscovery) according to the manufacturer’s protocol. The LLOQ was 1 pg/ml. The 

assay was without cross-reactivity with murine TNF. The total protein content of lysates (2 

µl/well in duplicate) was determined using Coomassie plus protein assay reagent with a 

bovine serum albumin standard curve (in triplicate) and the manufacturer’s microtitre plate 

protocol (Thermo Fisher Scientific).  

2.8. Microglial Iba-1 immunohistochemistry following amygdala AAV-TNF 

Mice from the amygdala AAV-TNF experiment (AAV-TNF (N=5), AAV-CON (N=3) and Vehicle 

(N=3)) were deeply anesthetized (pentobarbital 5 mg in 0.1 ml i.p.) and transcardially 

perfused with 1x PBS (40 ml) followed by 4% paraformaldehyde (PFA, 120 ml). Brains were 



 
 

  

21 

removed and postfixed in PFA at 4 °C for 24 h, then cryoprotected in 30 % sucrose in PBS for 

2 days, and frozen. Using a sliding microtome, brains were sectioned coronally at 20 μm and 

cryosections were collected in antifreeze solution and stored at -20 °C. Sections including the 

amygdala, 8-10/mouse, were assessed for microglial activation in terms of ionized calcium-

binding adapter molecule 1 (Iba-1) signal, as a biomarker of TNF expression-function. 

Endogenous peroxidase was inhibited using pre-incubation with 3 % H2O2 for 15 min, 

followed by 2x 10 min washing in TBS+ (TBS2x, 0.05 % Triton). Non-specific binding sites 

were blocked with blocking solution (2 % goat serum, 0.3 % Triton in TBS2x) for 45 min. 

Primary antibody rabbit anti-mouse Iba-1 (Wako, Neuss, Germany) was added into the 

blocking solution at a concentration of 1:1000 and incubated at 4 °C overnight. Sections 

were washed 2x 10 min in TBS+, and the secondary goat anti-rabbit antibody (1:250, 

Millipore) was added and incubated for 2 h. Following two further washes in TBS2x, sections 

were incubated for 30 min at RT with 1 % avidin-biotin-peroxidase complex (Vectastain Elite 

Kit, Vector Laboratories, Reactolab, Servion, Switzerland) diluted in TBS1x. Following 2x 10 

min washing, DAB-Nickel staining was performed with a kit (Metal Enhanced DAB Substrate 

Kit, Thermo Scientific) according to the manufacturer’s protocol. The reaction was stopped 

after 90 sec by washing 2x 10 min in ice-cold TBS1x. Sections were then mounted on 

superfrost plus slides (Thermo Scientific), air-dried, dehydrated and cover-slipped. Sections 

were analyzed with bright-field microscopy (Axio Observer.Z1, Zeiss, Feldbach, Switzerland). 

Images of the amygdala were acquired at 20x magnification, with an exposure time of 13.4 

ms. The sampling frame was placed manually according to anatomical landmarks to cover an 

area comprising the majority of the basolateral and central nuclei of the amygdala and the 

corresponding extents of the internal and external capsules. Quantification of the area of 

positive staining in the sampled images was carried out using ImageJ (Rasband, W.S., ImageJ, 
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U. S. National Institutes of Health, Bethesda, Maryland, USA, 1997-2014), including the 

settings, thresholding, background subtraction, and particle analysis by size and circularity. 

The mean value for the left and right amygdala of each section was calculated. From the 8-

10 sections/mouse, the three yielding the highest positive-labeled mean areas were 

selected, and their mean value was calculated and used for analysis. 

2.9. Statistical analysis  

Statistical analysis of TNF effects on physical, physiological and behavioral measures was 

conducted using SPSS (Version 21, SPSS Inc., Chicago IL, USA). Linear mixed model was used, 

with a fixed effect of group (TNF, VEH), and also of trial in readout tests with multiple trials, 

and a random effect of mouse in the case of multiple trials. In the case of significant main or 

interaction effects, post hoc testing was conducted using the least significant difference 

(LSD) test. Statistical significance was set at p<0.05. The estimate of variance used is one 

standard deviation (SD).  

 

3. Results 

3.1. Repeated i.p. TNF injection  

3.1.1. Physiological effects and peripheral-brain passage  

In mice i.p. injected with TNF 40ng/g (IP-TNF40) or vehicle (IP-VEH) on days 1-10, tail blood 

was collected on day 9 at 1 h, 3 h and 6 h after the injection for plasma TNF determination. 

There was a significant group x time interaction (F(2,14)=125.54, p<0.0005; Fig. 1A): post hoc 

testing confirmed that IP-TNF40 mice had markedly elevated plasma TNF relative to IP-VEH 

mice at 1 h (p<0.0005) and also 3 h (p<0.002) post-injection, and that plasma TNF had 

returned to baseline levels at 6 h post-injection. Plasma levels of IL-6 and IL-10 were also 



 
 

  

23 

determined in samples collected on day 10; levels of both cytokines were below LLOQ in IP-

VEH mice, whereas IL-6 levels of 4-10 pg/ml were measured in IP-TNF40 mice and IL-10 was 

detectable in two of these mice (Fig. 1B). For absolute body weight at days 1-8 there was a 

group x day interaction (p<0.03) but no day-specific group post hoc effect. When body 

weight at days 1-8 was analyzed relative to day 0 baseline, there was a group main effect 

(F(1,20)=11.01, p<0.003) with IP-TNF40 mice exhibiting lower relative body weight than IP-

VEH mice (Fig. 1C). On day 10, 1 h after the last injection, there was a borderline increase in 

absolute spleen weight in IP-TNF40 mice (p=0.07) and an increase in spleen weight (mg) 

relative to body weight (g) in IP-TNF40 (3.26±0.65) relative to IP-VEH mice (2.56±0.14) 

(t(10)=2.59, p<0.03). On day 10, 1 h after the last injection, brain TNF levels were analyzed 

(Fig. 1D).  In periventricular regions there was a borderline increase in TNF level in IP-TNF40 

versus IP-VEH mice (t(8)=2.25, p=0.055). There was no group effect in medial hippocampus 

or amygdala (Fig. 1D). Comparing TNF levels across brain regions, there was a main effect of 

region (F(2,16)=26.71, p<0.0005), with higher levels in amygdala than in periventricular 

regions and hippocampus (p<0.0005) (Fig. 1D).  

In a separate cohort, mice were injected i.p. on 5 days with 40 ng/g human TNF, 

equivalent to the murine TNF dose used, or IP-VEH. At 1 h after the last injection, brains 

were collected and region-specific human TNF was measured. An additional group of mice 

was injected once with 400 ng/g human TNF (high IP-hTNF) and decapitated 1 h after 

injection. As expected, brain hTNF levels were below assay LLOQ in IP-VEH mice (Fig. 1E). In 

periventricular regions 2 of 3 IP-hTNF40 mice exhibited detectable human TNF. In the 

amygdala and medial hippocampus human TNF was at LLOQ. Mice that received high IP-

hTNF exhibited high human TNF in each brain region and particularly in periventricular 

regions (Fig. 1E). 
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Figure 1. Effects of 10 days of daily i.p. injection of murine TNF on physiologic markers  

3.1.2. CS fear conditioning and memory  

A naive cohort of mice was injected daily i.p. with TNF 20 ng/g (IP-TNF20), TNF 40 ng/g (IP-

TNF40) or vehicle (IP-VEH) on days 1-4. On day 4, arena habituation and CS-US fear 

conditioning were conducted, and on day 5 tests of fear expression to context and then CS 

were conducted. On day 4, during the 5-min arena habituation session, there was a group 

effect on locomotor activity (F(2,35)=3.62, p<0.04): IP-TNF20 mice (49182±6504 a.u.) were 

more active than IP-VEH mice (39427±6253 a.u.), with IP-TNF40 mice (38224±15093 a.u.) 

exhibiting activity similar to IP-VEH mice. There was no group effect on baseline % time 

freezing (p=0.38) or on exploratory behavior as assessed by rearing (p=0.08) (data not 

shown). In CS-US fear-conditioning, fear learning was indicated by the main effect of CS-US 

trial on % time freezing during CS (F(2,58)=39.80, p<0.0005; Fig. 2A). There was no effect of 

TNF group (p≥0.54). Percent time freezing during ITI also increased continuously 

(F(2,58)=125.03, p<0.0005) and again there was no effect of TNF group (data not shown). US 

reactivity did not differ between groups: IP-VEH (698±159 a.u.), IP-TNF 20 (711±105 a.u.), IP-

TNF40 (670±173 a.u.) (main effect: p=0.63). On day 5, in the test of expression of contextual 

fear memory, there was a main effect of interval (F(6,174)=8.84, p<0.0005), with highest % 

time freezing (19-35 %) occurring in min 1-3 and subsequently declining. There was no effect 

of TNF group on % time freezing to context (p≥0.16) (data not shown). In the test of 

expression of CS fear memory, there was a main effect of CS trial (F(5,145)=7.58, p<0.0005; 

Fig. 2B) with highest % time CS freezing occurring in CS trials 1-2. There was also a main 

effect of group (F(2,29)=3.95, p<0.03; Fig. 2B), with IP-TNF40 mice exhibiting increased % 

time freezing during CS relative to IP-VEH (p<0.03) and IP-TNF20 (p<0.02) mice. 
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Figure 2. Effects of daily i.p. injection on CS fear conditioning  

3.1.3. Two-bottle saccharin test  

A naive cohort of mice was tested in the two-bottle saccharin versus water test. On days -7 

to -5, mice were given two water bottles to measure baseline water consumption, and on 

days -5 to -1 one saccharin and one water bottle to measure baseline saccharin 

consumption/preference and for saccharin pre-exposure to prevent taste-conditioned 

aversion. On day -1, average saccharin consumption was 5.59±0.17 g (n=24; see Fig. 3A) and 

average saccharin preference was 95±0.4 % (n=24). On days 1 to 6, mice received daily i.p. 

injections, and on days 4 to 9 mice were given one saccharin and one water bottle to assess 

TNF effects. There was no group effect on water consumption at days 4-9: IP-VEH (0.42±0.16 

g), IP-TNF20 (0.38±0.17 g), IP-TNF40 (0.36±0.15 g) (group main effect: p=0.42). For saccharin 

consumption there was a group x day (4-9) interaction (F(12,126)=2.38, p<0.008; Fig. 3A): on 

days 4 and 5, IP-TNF40 mice consumed less saccharin than IP-VEH mice (p<0.05). A posteriori 

group-specific analysis based on  day -1 (baseline) and days 4 to 9 identified no effect of day 

on saccharin consumption in IP-VEH mice (p=0.20; Fig. 3B). For IP-TNF20 mice there was a 

day effect (F(6,42)=3.95, p<0.003; Fig. 3C), with less saccharin drinking on day 6 versus 

baseline (p<0.009). For IP-TNF40 mice there was a day effect (F(6,42)=14.62, p<0.0005; Fig 

3D), with less saccharin drinking on days 4-7  (p<0.0005) compared to baseline. For saccharin 

preference there was no group or day effect (e.g. group main effect: p=0.90, data not 

shown). These findings were not confounded by i.p. TNF effects on body weight, as 

demonstrated by re-analyzing the data as saccharin consumed in g per g body weight. There 

was a group x day effect on body weight (p<0.0005), reflecting lower body weight in IP-

TNF20 and IP-TNF40 mice compared with IP-VEH mice, at days 4-5. For saccharin g/g body 
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weight, there was a group x day (4-9) interaction (F(12,126)=2.00, p<0.003): on days 4 and 5, 

IP-TNF40 mice consumed less saccharin/g body weight than IP-VEH mice (p<0.05) (Fig. S1A). 

A posteriori group-specific analysis based on  day -1 (baseline) and days 4 to 9 identified no 

effect of day on saccharin/g body weight in IP-VEH mice (p=0.20; Fig. S1B). For IP-TNF20 

mice there was a day effect (F(6,42)=3.95, p<0.003; Fig. S1C), with less saccharin/g body 

weight on day 5-7 and 9 versus baseline (p<0.05). For IP-TNF40 mice there was a day effect 

(F(6,42)=14.62, p<0.0005; Fig. S1D), with less saccharin/g body weight on days 4-7 and day 9  

(p<0.001) compared to baseline.  

Figure 3. Effects of 6 days i.p. injection on saccharin consumption  

3.2. Osmotic micropump s.c. TNF delivery 

3.2.1. Physiological effects 

In a first cohort of mice, tail blood was collected on days 1, 3 and 6 and TNF plasma levels 

were determined. There was a group x day interaction (F(2,39)=57.67, p<0.0005; Fig. 4A), 

with plasma TNF levels increased in OP-TNF40 mice relative to OP-VEH mice at day 1 and to 

a lesser extent at day 3 and again at day 6. At day 7, compared to OP-VEH mice, OP-TNF40 

mice had higher plasma levels of TNF (OP-VEH 0.75±0.56, OP-TNF40 5.01±1.18, t(13)=9.46, 

p<0.0001), IL-6 (OP-VEH 1.06±0.24, OP-TNF40 3.10±1.34, t(12)=4.27, p<0.001) and IL-10 (OP-

VEH 0.74±0.19, OP-TNF40 2.49±1.53, t(13)=3.44, p<0.005). For absolute body weight, there 

was no group effect (p≥0.51), whilst there was a main effect of day (F(7,70)=2.46, p<0.03) 

with body weight increasing as mice recovered post-surgery. For body weight at days 1-7 

relative to day 0 baseline, there was a group x day interaction (F(6,60)=2.89, p<0.02; Fig. 4B): 

OP-TNF40 mice exhibited lower relative body weight than OP-VEH mice at day 1 specifically. 

On day 7, compared with OP-VEH mice, OP-TNF40 mice exhibited increased absolute spleen 

weight (OP-VEH 66.63±6.49, OP-TNF40 109.00±23.47, t(10)=4.36, p<0.002) and increased 
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spleen weight (mg) relative to body weight (g) (OP-VEH 2.10±0.18, OP-TNF40 3.47±0.68, 

t(10)=4.78, p<0.0007). Pronounced hemorrhagic lesions and fibrotic encapsulation were 

observed at the s.c. site of the pump delivery port in OP-TNF40 mice specifically. 

3.2.2. Two-bottle saccharin test  

In a separate cohort, mice implanted on day 0 with OP-TNF40 (n=6) or OP-VEH (n=6) pumps 

were studied in the two-bottle saccharin test. There was no effect of TNF on water 

consumption during days 1-5, and the two groups consumed a low and similar amount of 

water (p≥0.40). For saccharin consumption there was a group x day interaction 

(F(4,40)=3.72, p<0.05; Fig. 4C): on day 2 OP-TNF40 mice consumed less saccharin than OP-

VEH mice (p<0.001). In a posteriori group-specific analysis for days -3 (baseline) and 1 to 5, 

there was no day effect in OP-VEH mice (p=0.07; Fig. 4D). In OP-TNF40 mice there was a day 

effect (F(5,25)=13.21, p<0.0005; Fig. 4E), with decreased saccharin consumption on days 1 

and 2 (p<0.008) and increased saccharin consumption on day 5 (p<0.01) compared to 

baseline. For saccharin preference there was a group x day interaction ((F(4,40)=2.76, 

p<0.04): on day 5, OP-TNF40 mice (93±4 %) exhibited a higher saccharin preference than OP-

VEH mice (82±17 %) (p<0.04). OP-TNF40 mice exhibited lower body weight than OP-VEH 

mice on day 1 specifically. The effects of OP-TNF on absolute saccharin consumption were 

also obtained when data were analyzed using saccharin consumed in g per g body weight 

(data not shown). The lower absolute saccharin consumption compared to that of mice in 

the IP-TNF study (Fig. 4 versus Fig. 3) could be attributable to reduced reward motivation 

related to surgery.   

 

Figure 4. Effects of continuous peripheral delivery of TNF   

3.3. Validation of central viral vector TNF expression 



 
 

  

28 

To determine the working titer for the scrAAV-8/2-CMV-chI-murine TNF vector, different 

titers were microinjected into medial hippocampus or amygdala. AAV-TNF at 1.1e
10 

vg/ml or 

1.1e
12 

vg/ml or the control vector AAV-CON at 1.1e
10 

vg/ml were injected in 1µl unilaterally 

into the hippocampus. After 14 days, there was a titer-dependent increase in hippocampal 

TNF tissue concentration: 1.1e10 vg/ml yielded 3.2-100 pg TNF/mg protein (mean 23.6 

pg/mg, Fig. 5A), an approximate 10-fold increase relative to mice injected with control AAV 

vector in which TNF levels were at or below the assay LLOQ i.e. < 0.3 pg/mg protein (Fig. 5A). 

Therefore, 1.1e10 vg/ml was used in the experiments where hippocampus or amygdala was 

the region of interest. Due to expected distribution to regions bordering the ventricles (see 

next paragraph), a higher titer, 1.1e11 vg/ml, was used for i.c.v. injection. In addition, Nissl 

staining was conducted to assess for effects of hippocampal viral vector TNF expression on 

cytoarchitecture. After 14 days of expression, mice were perfused transcardially and brains 

were sectioned (50 μm) and Nissl stained. Mice injected with the 1.1e10 vg/ml AAV-TNF 

vector in hippocampus demonstrated no detectable cytoarchitectural changes. In contrast, 

mice injected with 1.1e11 vg/ml or in particular 1.1e12 vg/ml titers exhibited altered 

cytoarchitecture consistent with gliosis and neurodegeneration in the injected hippocampus. 

To assess for biomarker evidence of functional AAV-TNF expression, the microglial protein, 

ionized calcium-binding adapter molecule 1 (Iba-1), was quantified in amygdala. Mice were 

injected in amygdala with AAV-TNF, AAV-CON or vehicle, and % area stained with Iba-1 was 

measured on day 14 (Fig. 5C and D). There was a group effect (F(2,8)=29.86, p<0.001; Fig. 

5B), with higher Iba-1 expression in AAV-TNF mice compared to both AAV-CON (p<0.001) 

and VEH (p<0.001) mice, which had similar Iba-1 expression.  

Figure 5. Validation of injection of a scrAAV-8/2-CMV-chI-murine TNF vector  
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 To establish the brain regions that would likely incorporate the AAV-TNF vector 

subsequent to icv injection, AAV-EGFP was injected i.c.v. in two mice. After 14 days, EGFP 

expression was observed in the following regions: fimbria hippocampi (Fig. S2A), 

periventricular regions (surrounding the lateral and third ventricles, i.e. paraventricular 

thalamic nucleus, habenula, stria terminalis, dentate gyrus, and para-, supra and peri-

ventricular hypothalamic nuclei; Fig. S2A), as well as hippocampus (Fig. S2B) and aqueduct 

(Fig. S2C). 

 

3.4. ICV viral vector TNF expression 

3.4.1. Physiological effects 

In mice injected i.c.v. with AAV-TNF or AAV-CON and subsequently studied in behavioral 

tests, body weight was taken from injection at day 0 until day 22. Weekly-mean absolute 

body weights were similar in AAV-TNF and AAV-CON mice (p≥0.43), and increased in both 

groups across weeks (p<0.0005). Also for body weight relative to day 0 baseline, there was 

no group effect (p=0.68; Fig. 6B) and both groups increased in relative body weight across 

weeks (F(2,48)=19.80, p<0.0005). On day 22 brains were collected and, informed by the 

expression distribution in the AAV-EGFP experiment, levels of TNF and protein were 

determined in periventricular regions (hippocampus and aqueduct were not sampled). 

Tissue protein content was decreased in AAV-TNF mice (AAV-TNF 869±186 µg/ml, AAV-CON 

1656±365 µg/ml, t(18)=6.61, p<0.001). TNF concentration was increased in AAV-TNF mice 

(0.22-0.95 pg/mg protein) compared to AAV-CON mice (TNF < LLOQ) (t(17)=2.27, p<0.04; Fig. 

6A). In a separate cohort, effects of i.c.v. AAV-TNF expression on trunk blood plasma levels 

of TNF and IL-6 and IL-10 were assessed at 14 days post-injection; in AAV-TNF mice (n=6) and 

AAV-CON mice (n=3) plasma levels of each cytokine were below the assay LLOQ. 
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3.4.2. Contextual fear conditioning and memory 

On day 14 post-injection, during a 5-min activity test in the arena, AAV-TNF and AAV-CON 

mice showed similar locomotor activity (AAV-CON 52363±7258 a.u., AAV-TNF 48246±7749 

a.u., p=0.18), % time freezing (AAV-CON 0.98±1.60, AAV-TNF 1.08±0.84, p=0.84), and rearing 

(AAV-CON 15.33±6.04, AAV-TNF 19.92±5.99, p=0.07). Across six US trials, context 

conditioning was indicated by a main effect of trial (US ITI) on % time freezing 

(F(2,46)=34.32, p<0.0005; Fig. 6D). Furthermore, a main effect of group indicated more 

conditioning in AAV-TNF relative to AAV-CON mice (F(1,34)=4.89, p<0.04). US reactivity did 

not differ between AAV-TNF and AAV-CON mice (group main effect: p=0.45). On the 

following day, the two groups exhibited a similar % time freezing to the aversive context 

(group main effect: p=0.69; Fig. 6E). The main effect of interval (F(5,115)=2.77, p<0.02) 

reflected a general decline in freezing as the expression test progressed. 

3.4.3. Two-way avoid-escape test  

On day 16, a two-way avoid-escape test was conducted. Learning of the operant avoid-

escape response was indicated by reduction in avoid-escape failures across trial blocks (CS-

US trial main effect: F(2,48)=12.54, p<0.0005; Fig. 6F). The mean increase in avoid-escape 

failures by AAV-TNF mice was borderline non-significant (group main effect: p=0.09). For 

avoid responses per se there was also a borderline non-significant group main effect 

(p=0.06), with AAV-TNF mice making less avoid responses than AAV-CON mice. For % time 

freezing, which increased across trial blocks (F(2,48)=45.16, p<0.0005), there was a group x 

trial interaction (F(2,48)=4.04, p<0.03; Fig. 6G), with AAV-TNF mice freezing more at trials 

11-20 than AAV-CON mice. For ITI compartment transfers there was a group x trial 

interaction (F(2,48)=4.99, p<0.02; Fig. 6H), with AAV-TNF mice transferring less than AAV-

CON mice in trials 1-10. US reactivity did not differ between groups (p=0.45). 
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3.4.4. Two-bottle saccharin test  

On days 18-19 mice were given two water bottles to assess AAV-TNF effects on water 

consumption; there was no effect (p=0.79). On test days 20-22, the two groups consumed 

low and similar amounts of water (group main effect: p=0.14), and high and similar amounts 

of saccharin (p=0.99; Fig. 6C); there was also no effect of group on saccharin preference 

(p=0.27). Similar findings were obtained using saccharin consumed in g per g body weight. 

The lower absolute consumption compared to that of mice in the IP-TNF study (Fig. 6 versus 

Fig. 3) could be attributable to the absence of pre-test exposure to saccharin in this 

experiment (and similarly in the amygdala TNF experiment, Fig. 8). 

Figure 6. Long-term effects of bilateral i.c.v. injection of AAV-TNF  

3.5. Hippocampal viral vector TNF expression 

3.5.1. Physiological effects 

In mice injected in the medial hippocampus with AAV-TNF or AAV-CON, there was no effect 

on mean-weekly absolute body weight (group main effect: p=0.31) and both groups 

increased in weight across weeks. For body weight relative to day 0 baseline, there was a 

main effect of group (F(1,26)=5.06, p<0.04; Fig. 7B) with lower relative body weight in AAV-

TNF mice; relative body weight increased in both groups across weeks (F(2,53)=18.43, 

p<0.005). On day 16, following behavioral testing, brains were collected and levels of TNF 

and protein were determined in hippocampus. Tissue protein content was increased in AAV-

TNF mice (AAV-TNF 2410±262 µg/ml, AAV-CON 1993.53±464 µg/ml, t(15)=2.39, p<0.03). The 

TNF concentration was increased in AAV-TNF mice (2.3-28.1 pg/mg) compared to AAV-CON 

mice (TNF < LLOQ of 0.3 pg/ml) (t(15)=4.08, p<0.001; Fig. 7A).  

3.5.2. Contextual fear conditioning and memory 
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On day 14 post-injection, during the 5-min activity test, locomotor activity was lower in AAV-

TNF mice (41217±8424 a.u.) compared to AAV-CON (52363±7258 a.u.) (t(26)=13.47, 

p<0.001), whereas % time freezing (AAV-CON 0.98±1.60, AAV-TNF 1.81±1.83, p=0.22) and 

rearing (AAV-CON 15.33±6.04, AAV-TNF 17.63±5.78, p=0.32), were similar in the two groups. 

Contextual conditioning was indicated by a main effect of trial (US ITI) on % time freezing 

(F(2,54)=38.29, p<0.0005; Fig. 7C). Furthermore, there was a group x trial interaction 

(F(2,54)=3.78, p<0.03), indicating increased acquisition of context freezing by AAV-TNF mice 

relative to AAV-CON mice during US-ITI 3-4 and 5-6. For US reactivity, there was a group x 

trial interaction (F(2,54)=3.50, p<0.04); at US 5-6, US reactivity was higher in AAV-TNF mice 

(770±183 a.u.) than AAV-CON mice (703±175) (p<0.05). Despite the greater acquisition of 

freezing on the previous day, in the context fear expression test the two groups exhibited 

similar % time freezing (group main effect: p=0.59, Fig. 7D). Percent time freezing in 

expression trials 1-2 was compared with that in conditioning trials 5-6 as an index of 

memory consolidation: freezing was reduced between acquisition and expression in AAV-

TNF mice (paired t-test: t(16)=2.22, p<0.05) and not in AAV-CON mice (p=0.80) (Fig. 7E). 

3.5.3. Two-way avoid-escape test  

On day 16, in the two-way avoid-escape test, avoid-escape failures decreased across trial 

blocks (CS-US trial main effect: F(2,52)=14.59, p<0.0005; Fig. 7F) in the absence of a group 

effect (p≥0.83). For avoids, there was a borderline non-significant main effect of group 

(p=0.07), with AAV-TNF mice tending to make less avoid responses than AAV-CON mice. 

Percent time freezing increased consistently across trial blocks (F(2,52)=31.46, p<0.0005; Fig. 

7G). Furthermore, AAV-TNF mice exhibited more freezing than AAV-CON mice (F(1,26)=7.37, 

p<0.02). For ITI compartmental transfers there was a group x trial interaction (F(2,52)=4.90, 

p<0.02, Fig. 7H) and a group main effect (F(1,26)=14.42, p<0.001); AAV-TNF mice made less 
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ITI transfers than AAV-CON mice in each trial block. US reactivity did not differ between 

groups (p=0.33) and increased across trial blocks (F(2,52)=8.81, p<0.001).  

Figure 7. Long-term effects of bilateral hippocampal injection of AAV-TNF  

3.6. Amygdala viral vector TNF expression 

3.6.1. Physiological effects  

In mice injected in amygdala with AAV-TNF or AAV-CON, there was no effect on mean-

weekly absolute body weight (p=0.10) and both groups increased in weight across weeks 

(p<0.0005). For body weight relative to day 0 baseline, there was no group effect (p≥0.15; 

Fig. 8B); there was a main effect of week (p<0.0005) with both groups losing weight in week 

1 followed by recovery. On day 22, following behavioral testing, TNF and protein levels were 

determined in amygdala. Tissue protein content was increased in AAV-TNF mice (AAV-TNF 

1148±197 µg/ml, AAV-CON 926±225 µg/ml, t(18)=2.33, p<0.03). TNF concentration was 

increased in AAV-TNF (1.44-7.83 pg/mg protein) compared to AAV-CON mice (TNF < LLOQ of 

0.3 pg/mL) (t(18)=5.09, p<0.0001; Fig. 8A). In a separate cohort, the effects of 14-day 

amygdala viral TNF expression on blood plasma TNF, IL-6 and IL-10 levels were assessed. 

Amygdala TNF was 4.57±0.92 pg/mg in AAV-TNF mice (n=6) and below the assay LLOQ in 

AAV-CON mice (n=3) (t(7)=3.04, p<0.02): in both groups, the plasma level of each cytokine 

was below the assay LLOQ. There was also no effect of amygdala AAV-TNF on spleen weight.  

3.6.2. CS fear conditioning and memory 

On day 14 post-injection, during the 5-min activity test, AAV-TNF and AAV-CON mice were 

similar in locomotor activity (p=0.91), % time freezing (p=0.89) and rearing (p=1.00). CS fear-

conditioning in AAV-TNF and AAV-CON mice was indicated by the main effect of CS-US trial 

on % time freezing (F(2,44)=23.46, p<0.0005; Fig. 8D), with acquisition of CS freezing similar 

in the two groups (group effect: p≥0.41). US reactivity did not differ between AAV-TNF and 
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AAV-CON mice (group effect: p≥0.89). On day 15, in the context fear expression test, 

maximum % time freezing (15-20%) occurred in minute 4-6 and declined in later intervals 

(F(6,132)=5.20, p<0.0005), and the two groups exhibited similar expression of freezing to 

context (group effect: p≥0.45) (data not shown). In the subsequent CS fear expression test, 

maximum % time freezing occurred at CS 1-2 and then declined (F(5,110)=6.97, p<0.0005; 

Fig. 8E), and the two groups exhibited similar expression of freezing to the CS (group effect: 

p≥0.94). 

3.6.3. Two-way escape test  

On day 16, in the two-way escape test, operant learning of the escape response was 

indicated by reduction in escape failures across trial blocks (F(2,44)=4.49, p<0.02; Fig. 8F), 

with the two groups not differing on this measure (group main effect: p=0.18). Percent time 

freezing increased minimally but consistently across trials (F(2,44)=8.07, p<0.001; Fig. 8G), 

with no effect of group (p=0.32). AAV-TNF mice made less ITI transfers than AAV-CON mice 

(main effect: (F(1,22)=8.74, p<0.01; Fig. 8H) and ITI transfers were consistent across ITI 

blocks (p=0.64). US reactivity did not differ between groups (p=0.22) and was consistent 

across trial blocks (p=0.26).  

3.6.4. Two-bottle saccharin test 

On days 18-19 mice were given two water bottles to assess AAV-TNF effects on water 

consumption: AAV-TNF mice drank more water than AAV-CON mice on each of the two days 

(group main effect: F(1,22)=8.11, p<0.01). On days 20-22, water consumption, saccharin 

consumption and saccharin preference were measured. Across days, the two groups 

consumed a low and similar amount of water (group main effect: p=0.13). For saccharin 

consumption there was a group x day interaction (F(2,44)=4.91, p=0.02; Fig. 8C), with AAV-

TNF mice consuming less saccharin than AAV-CON mice on the second test day. For 
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saccharin preference there was no effect of group (p=0.37) or day (p=1.00). This effect was 

also obtained when the data were analyzed using saccharin consumed in g per g body 

weight.  

Figure 8. Long-term effects of bilateral amygdala injection of AAV-TNF  

 

4. Discussion 

Tumor necrosis factor is associated with sickness and depression in humans and animal 

models. Because it is expressed in the periphery and the brain, and can also transfer 

between these compartments, it is important but challenging to establish the specific 

substrates at which TNF exerts its diverse effects. In mice, by investigating the effects of 

increased TNF on immune-inflammation, sickness and emotional and cognitive behavior in 

the periphery or distinct brain regions specifically, the present study adds substantially to 

the understanding of the psychoneuroimmunology of TNF effects.  

4.1. Effects of peripheral TNF  

It was not possible to induce a peripheral TNF increase that was continuous and maintained 

for 7-10 days. Using TNF injection (IP) for 10 days, there was a daily acute high level of 

plasma TNF, whilst osmotic micropump (OP) delivery achieved a continuous plasma TNF 

increase that declined across days related to hemorrhagic necrosis at the pump outlet as 

reported previously (Cavadini et al., 2007). (Customized s.c. pellets coated with TNF 

(Innovative Research of America) were ineffective in increasing plasma TNF beyond 1 day 

(unpublished data)). Despite these methodological constraints, IP- and OP-TNF resulted in 

consistent and similar effects. Thus, IP-TNF led to sickness in the form of reduced body 

weight, and this co-occurred with reduced saccharin consumption on days 4-7 and increased 
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memory for an aversive conditioned stimulus on days 4-5. In OP-TNF mice the sickness effect 

was less marked, but saccharin consumption was again reduced, on days 1-2. These IP- and 

OP-TNF effects co-occurred with increases in plasma levels of IL-6 and IL-10 and in spleen 

weight, indicating that peripheral TNF stimulated immune-inflammatory response pathways.  

 Previous mouse studies used i.p. challenge to stimulate generalized immune-

inflammation including increased plasma TNF. Bacterial LPS stimulates toll-like receptor 4 

and induces increased TNF and, among others, IFN-γ, IL-1β and IL-6, in the immune 

compartment, blood and brain. These cytokine increases co-occur with acute sickness, 

including loss of body weight, peaking at 4-6 h and subsiding by about 24 h post-LPS. There is 

a 1-2 day decrease in preference for and/or absolute consumption of sucrose or saccharin 

(Aubert and Dantzer, 2005; Biesmans et al., 2013; Salazar et al., 2012). Learning-memory 

studies have focused on contextual fear conditioning and with LPS injected directly after 

conditioning: fear expression was decreased indicating impaired consolidation of context 

memory (Dantzer et al., 2008; Pugh et al., 1998; Thomson and Sutherland, 2005). Agonist 

antibody for TNF receptor superfamily member CD40 (CD40AB) induces, in parallel to multi-

organ inflammation, lymphadenopathy and splenomegaly, increased blood TNF and blood 

and brain IFN-γ. Sickness occurs for 2-3 days and saccharin drinking is decreased for 7 days. 

These CD40AB effects are prevented by co-administration of TNF inhibitor (etanercept). At 

day 5 after CD40AB, CS fear learning is impaired, in the absence of an additional memory 

deficit at day 6 (Cathomas et al., 2015b; Gast et al., 2013).  

 Integrating the present IP-/OP-TNF findings with those of the peripheral LPS and 

CD40AB studies, there are consistent effects on sickness and reward drinking, and the 

present study adds to the evidence for the prominent involvement of peripheral TNF as a 

trigger in the causation of these effects. However, whilst IP-TNF increased CS fear memory, 
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LPS impairs context fear memory and CD40AB impairs CS fear learning without an additional 

effect on memory. These findings indicate that when TNF alone is the inflammatory trigger, 

the downstream changes lead to increased consolidation of CS-US learning and presumably 

involve the amygdala (see section 4.5). In contrast, when a more pronounced and 

heterogeneous trigger is involved, this TNF effect is masked by downstream changes that 

lead to impaired learning-memory. 

Peripheral TNF tended to increase TNF levels in brain regions bordering the 3
rd

, 4
th

 

and lateral ventricles (referred to as periventricular regions) at 1 h post-injection. Using IP 

human TNF, we could provide supportive evidence for TNF peripheral-brain passage: human 

and murine TNF protein structures are similar (Brouckaert et al., 1986; Kuprash et al., 1999) 

and should exhibit similar peripheral-brain passage (Banks et al., 1995), although human TNF 

exhibits higher binding to TNF receptor 1 (Ameloot et al., 2001) which might enhance its 

passage. A single ip TNF injection increased whole brain Tnf mRNA and TNF protein 

expression at 1 h post-injection (Qin et al., 2007). A single intravenous TNF injection induced 

increased immediate-early gene (c-Fos) expression in the circumventricular organs (Nadeau 

and Rivest, 1999); the latter express TNF receptors, suggesting that peripheral TNF enters 

this region and contributes to changes in brain function. Also highly relevant here is the 

evidence that i.c.v. TNF is, together with IL-1β, the major trigger of sickness (for review: 

Dantzer and Kelley, 2007), a point to which we return when discussing the i.c.v. AAV-TNF 

findings (see section 4.3). Peripheral TNF did not lead to increased TNF level in the 

hippocampus or amygdala. Although not considered in this study, centrally-processed 

manipulations that activate peripheral inflammation, including psychosocial stress, result in 

increased recruitment of macrophages to the brain (e.g. (Wohleb et al., 2013)). T-cell 

activation and consequent cytokine release and passage, e.g. IL-2, is another candidate 
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mechanism via  which peripheral immune-inflammation can influence brain state (Kammula 

et al., 1998; Miller et al., 2009; Mössner et al., 2007). 

4.2. AAV-vector brain TNF expression 

Using a TNF scAAV vector, a moderate and brain region-specific increase in TNF that was 

continuous and maintained for at least 3-4 weeks was induced. AAV vectors derived from 

serotype 2 transduce neurons and glia efficiently, in the absence of obvious cell damage in 

the brain tissue (Paterna et al., 2000, 2004; Fu et al., 2003). Using AAV2-ITR-based genomic 

constructs packaged into capsids of AAV serotype 8, efficient transduction of all major brain 

cell types was demonstrated, being highest in astrocytes (Aschauer et al., 2013). Protein 

expression was observed at day 3 after scAAV injection into mouse brain, with a steady-state 

proportion of transduced cells observed at day 8, and the amount of expressed protein 

increasing up to day 21 (Aschauer et al., 2013). Our pilot studies allowed for the 

identification of a TNF scAAV vector titer that yielded a moderate increase in TNF level, was 

specific to the region of interest, and did not induce gliosis or neurodegeneration, but did 

induce local microglial activation. AAV control vector and vehicle control mice expressed 

similar, basal levels of Iba-1 expression in the injection region and the AAV-CON vector did 

not induce TNF expression, in agreement with the evidence that AAV-vectors do not induce 

immunogenic activation (Aschauer et al., 2013; Howard et al., 2008; McCarthy et al., 2008; 

McCarty et al., 2001). An additional general finding was that our assay for total protein 

identified a decrease in periventricular regions using ICV AAV-TNF at 1.1e11 vg/ml and an 

increase in total protein in amygdala and hippocampus using ICV AAV-TNF at 1.1e10 vg/ml; 

the former decrease might reflect moderate neurodegeneration and the latter increases 

might well reflect recruitment of immune cells in line with the increased activation of 

microglia.  Given the findings of this study, but also accepting that the effects of increased 
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TNF expression in the brain might well be dependent on the cell types expressing it, 

subsequent studies should investigate the effects of brain region-specific increases in Tnf 

expression achieved using vectors that result in cell type-specific expression. 

4.3. Effects of ICV TNF  

Acute i.c.v. injection of TNF leads to sickness, and decreases in social exploration, active 

responding in the forced swim and tail suspension tests, and in sucrose consumption (Bluthé 

et al., 1994; Palin et al., 2007, 2009; Kaster et al., 2012). In the peripheral TNF experiments 

the increase in  periventricular-region TNF was likely due to passage through the relatively 

permeable ventricle interfaces of the blood-brain barrier (Fu et al., 2003; Ueno et al., 2000). 

Using AAV-EGFP, ICV injection resulted in viral transduction and stable, long-term expression 

in these same periventricular regions, as well as in hippocampus and aqueduct. Using ICV 

AAV-TNF, at 3-4 weeks post-injection there was a mild increase in TNF in the periventricular 

regions; these regions express TNF receptor 1 (Nadeau and Rivest, 1999). This occurred in 

the absence of an increase in plasma TNF (or other cytokines). This allowed for the study of 

the effects of a specific, chronic increase in periventricular-region TNF on sickness and 

depression- and anxiety disorder-relevant behavior. Two important differences to the IP-TNF 

experiment and to previous studies of acute i.c.v. TNF were the absences of a sickness effect 

in terms of reduced body weight and of a reward-interest effect in terms of reduced 

saccharin drinking. Integration of these findings indicates that increased periventricular-

region TNF is not sufficient to induce sickness or reduce reward consumption, and also 

suggests that these two behavioral effects are inter-dependent i.e. reduced reward drinking 

follows sickness. In the context fear conditioning experiment, ICV AAV-TNF mice exhibited 

increased acquisition of fear-freezing by the end of the conditioning session, consistent with 

increased salience of the aversive environment, although this did not translate into an 
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increase in contextual fear memory. In the two-way avoid-escape test, freezing was also 

increased, together with reduced compartmental transfers, again consistent with increased 

salience of the aversive environment. One of the regions transduced by ICV AAV vector was 

the periaqueductal grey (PAG), which is a major mediator of the freezing response (Kim et 

al., 1993; Kim et al., 2013).  

4.4. Effects of hippocampal TNF 

The region-specific and sustained increases in TNF attainable with the AAV-vector allowed 

for the first experiments on the effects of a specific increase in hippocampal TNF or 

amygdala TNF. The hippocampus expresses TNF receptor 1 under basal conditions (Bette et 

al., 2003). It is a region of major importance in spatial and contextual learning-memory 

(dorsal hippocampus) as well as in the processing of the active approach-passive avoidance 

conflict that underlies anxiety (ventral hippocampus) (Maren et al., 2013; Orsini and Maren, 

2012; Bannerman et al., 2014); furthermore, ventral hippocampus projects to nucleus 

accumbens (Britt et al., 2012), a major region in the circuitry of reward processing. AAV-TNF 

was injected and transduced in the medial hippocampus. In contrast to ICV AAV-TNF, 

hippocampal AAV-TNF induced sickness, possibly related to a greater increase in 

hippocampal TNF following direct injection. At the activity-test phase of contextual fear 

conditioning, AAV-TNF mice exhibited decreased locomotion, possibly indicative of increased 

hippocampal inhibition of nucleus accumbens-modulated exploration (Britt et al., 2012). 

These same mice exhibited increased acquisition of fear-freezing across the conditioning 

session, consistent with increased salience of the aversive environment, as observed with 

ICV AAV-TNF. In addition, hippocampal AAV-TNF mice exhibited a decrease in contextual 

fear expression relative to acquisition, consistent with inhibition of consolidation and/or 

recall of contextual memory. Interestingly, a similar deficit in contextual fear memory was 
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observed in a mouse model of experimental autoimmune encephalomyelitis (EAE): the 

deficit co-occurred with a moderate increase in hippocampal TNF and was mediated by the 

TNF receptor 1 expressed on astrocytes (Habbas et al., 2015). Further evidence that 

increased hippocampal TNF increases sensitivity to aversive stimuli was obtained in the two-

way avoid-escape test: as for ICV AAV-TNF mice, mice expressing increased hippocampal 

TNF exhibited increased freezing together with decreased compartmental transfers; these 

changes suggest increased anxiety and, therefore, that TNF increases the approach-

avoidance conflict and resultant behavioral inhibition that has been attributed to ventral 

hippocampus in such ambivalent environments (Bannerman et al., 2014; McNaughton and 

Gray, 2000). The direct evidence for anxiogenic effects of hippocampal TNF adds to that 

from immune challenge studies where cytokine increases, including hippocampal Tnf, lead 

to increased anxiety (Silverman et al., 2006).  

4.5. Effects of amygdala TNF 

Under basal conditions, the amygdala does not express TNF receptor 1 (Bette et al., 2003; 

Nadeau and Rivest, 1999). Nonetheless, AAV-TNF functionality in the amygdala was 

demonstrated by a marked, local activation of microglia. Amygdala AAV-TNF was without 

effect on body weight, but it had a transient effect in terms of reduced saccharin drinking. As 

for ventral hippocampus, the amygdala projects to the nucleus accumbens (Britt et al., 2012) 

and this is one of the pathways via which amygdala function can modulate reward-directed 

behavior (Der-Avakian and Markou, 2012). The amygdala is best-studied in terms of its 

regulation of classical conditioning to aversive stimuli (Duvarci and Pare, 2014; Johansen et 

al., 2011; Phelps and LeDoux, 2005). Increased amygdala TNF expression was without effect 

on either acquisition of CS-US fear-freezing or the memory processes determining its next-

day expression. A recent rat study found that an acute injection of TNF into the amygdala led 
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on the next day to reduced acquisition and also impaired extinction of aversive CS-US 

conditioning (Jing et al., 2015). In a mouse EAE model, the CS memory was reduced, but this 

occurred in the absence of increased amygdala TNF, indicating that other immune-

inflammation factors were responsible (Acharjee et al., 2013). In the two-way escape test, 

amygdala AAV-TNF mice made less compartment transfers indicating an increase in conflict 

anxiety, consistent with a contribution of the amygdala to this behavioral state 

(McNaughton and Gray, 2000). 

4.6. Integration and implications 

The present mouse model study provides important new insights into the distinct roles of 

increases in TNF in the circulation and in specific brain regions on well-being and depression- 

and anxiety disorder-relevant behavior. It highlights the complexity in terms of the indirect 

and direct pathways via which increases in TNF can act and which need to be taken into 

account when considering it as a target for therapy in mental disorders. Increased TNF in the 

circulation resulted in increased TNF in the periventricular regions, as did injection of an AAV 

vector expressing TNF into the lateral ventricles. The same vector also became locally 

transduced and resulted in a moderate increase in TNF level and in microglia activation, 

when injected into specific brain regions. 

 Sickness describes the condition induced by immune-inflammation associated with 

pathogenic infections, autoimmune disorders and cytokine-based therapies. It comprises 

heterogeneous states including decreased appetite, weight loss, malaise, cognitive 

impairment and fatigue (for review: (Dantzer et al., 2008)). Using sustained body weight loss 

as a marker, sickness was induced by IP TNF and hippocampal TNF, but not by TNF in 

periventricular regions or amygdala. Reduced interest in rewarding events/stimuli, often 

associated with weight loss, is a core symptom in depression and a dimension in the RDoC 
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domain Positive valence systems (American Psychiatric Association, 2013; Cuthbert and 

Insel, 2013). There is interest in the inter-relationship between reduced reward interest and 

the decreased appetite/weight loss of sickness with respect to there being a common 

pathophysiology (Dantzer et al., 2008; Raison et al., 2013). Immune-inflammatory challenges 

such as LPS and CD40AB induce sickness including weight loss, and co-occurring with this 

and extending beyond it is a reduction in reward drinking (Aubert and Dantzer, 2005; 

Biesmans et al., 2013; Cathomas et al., 2015b; Salazar et al., 2012). The findings that IP TNF 

induces sickness and reduces saccharin drinking add to the evidence that these two states 

co-occur. Previously, we have proposed that under these conditions reduced reward 

drinking is more parsimoniously referred to as extended sickness (Cathomas et al., 2015b; 

Pryce and Fontana, 2016). This is because immune-inflammatory challenges produce a 

different constellation of behavioral changes e.g. increased sensitivity to the bitter 

component of saccharin (Aubert and Dantzer, 2005), reduced interest in gustatory reward 

(saccharin, sucrose) (Cathomas et al., 2015b; Salazar et al., 2012), decreased fear learning-

memory (Cathomas et al., 2015b; Dantzer et al., 2008; Thomson and Sutherland, 2005), than 

do psychosocial stressors e.g. reduced interest in gustatory reward (Bergamini et al., 2016; 

Willner, 1997), increased fear learning-memory (Fuertig et al., 2016). Accordingly, it should 

not be assumed that the pathophysiologies underlying shared behavioral states, e.g. 

reduced interest in gustatory reward, are the same. Nonetheless, that amygdala TNF 

reduced saccharin consumption in the absence of sickness provides some of the first 

evidence that central inflammation impacts on reward processing in the absence of sickness. 

  Emotions and motivations induced by aversive stimuli are dimensions in the RDoC 

domain Negative valence systems, with the most important being fear and anxiety (Cuthbert 

and Insel, 2013). As demonstrated with the fear learning-memory tests, both periventricular 
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and hippocampal TNF increase learning about an aversive context, whilst hippocampal TNF 

decreases the memory of this context. IP TNF was without effect on learning about an 

aversive CS but increased the memory of this CS, and amygdala TNF did not impact on either 

learning about or memory of an aversive CS. Whilst adding to the evidence that TNF is an 

important inhibitor of hippocampal memory function, the present study also indicate that 

this does not extend to amygdala memory function. With respect to anxiety induced by 

approach-avoidance conflict, the effects of central increases in TNF were rather more 

consistent, with each of paraventricular, hippocampal and amygdala TNF leading to an 

increase in anxiety on at least one measure of the test. Overall with respect to effects on 

aversive stimulus processing, this study provides robust evidence for TNF-mediated 

increased aversive reactivity, as well as adding to the evidence for impairment of memory.    

 This study of the effects of specific increases in TNF levels on inflammation, sickness, 

emotional behavior and memory in mice adds to the understanding of the importance of 

TNF for each of these states. Furthermore, the findings demonstrate that moderate TNF 

increases in peripheral or specific brain regions exert distinctive effects on emotional and 

cognitive processes that are disturbed in depression and anxiety disorders, as well as in 

immune disorders presenting with psychopathologies. Given that peripheral and central 

increases in TNF can occur independently of each other, the evidence is that the current 

focus on neutralizing peripheral increases in TNF will need to be complemented by 

treatments targeting central TNF, if highly efficacious TNF-based therapies are to be 

investigated. 
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Figure legends 

Figure 1. A-D. Effects of 10-day daily i.p. murine TNF (40 ng/g) versus vehicle on cytokine 

levels and body weight. A) Day 9 plasma TNF levels at 1, 3 and 6 hours post-injection. B) Day 

10 plasma IL-6 and IL-10 levels at 1 h post-injection of TNF (n=4 per group), nd: not 

detectable. C) Daily body weight relative to day 0 baseline. D) Day 10 TNF tissue level in 

amygdala, periventricular regions and medial hippocampus, in brains collected at 1 h post-

injection. E) Effects of 5-day daily i.p. human TNF injection at 40 ng/g (low hTNF40) versus 

VEH or single i.p. human TNF injection at 400 ng/g (high hTNF) on brain tissue levels of 

human TNF protein at 1 hour post-injection, in periventricular regions, medial hippocampus 

and amygdala. In A) and C), values are mean +/- SD. In A), ** p<0.01, *** p<0.001 in post hoc 

LSD test. In C) ** p <0.01 for main effect of group. In D) p value is for unpaired t-test. Dashed 

line indicates assay lower limit of detection. 

 

Figure 2. Effects of 4-day daily i.p. murine TNF (20 ng/g, 40 ng/g) versus vehicle in auditory 

CS fear conditioning and memory expression tests conducted at days 4 and 5, respectively. 

A) CS-US fear conditioning on day 4, as % time freezing during pairs of consecutive CS trials. 

B) CS fear expression on day 5, as % time freezing during pairs of consecutive CS trials. 

Values are mean +/- SD. A group X trial linear mixed model was conducted and significant 

effects further analyzed by post hoc LSD test. In A) trials indicated by different letters are 

different at p<0.05 or lower. In B) * p<0.05 for main effect of group, and LSD test identified 

increased freezing by IP-TNF40 mice relative to both other groups. 
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Figure 3. Effects of 6 days (days 1-6) daily i.p. injection of murine TNF (20 ng/g, 40 ng/g) 

versus vehicle on saccharin consumption (g) in the two-bottle test on days 4-9. Day -1 was 

the final day of baseline data collection. A) Group comparison for saccharin consumption. 

Group x Day analysis for days 4-9 yielded an interaction that justified a posteriori group-

specific analysis of saccharin consumption relative to baseline. B) IP-VEH mice. C) IP-TNF20 

mice. D) IP-TNF40 mice. Values are mean +/- SD. In A) * denotes p<0.05 for IP-TNF40 versus 

VEH mice following group X day interaction effect and post hoc LSD test. In B)-D) ** p<0.01, 

*** p<0.001 versus day -1 baseline following day main effect and post hoc LSD test. Black 

bar indicates final 3 days of i.p. injection. 

 

Figure 4. Effects of subcutaneous delivery of murine TNF (40 µg/mL) or vehicle by osmotic 

micropump on days 1-7 on TNF levels and body weight and, in a separate cohort, saccharin 

drinking. A) TNF plasma levels on days 1, 3 and 6 after implantation (day 0). B) Daily body 

weight relative to day 0 baseline prior to pump implantation. C) Group comparison for 

saccharin consumption. Group x day anaylsis for days 1-5 yielded an interaction that justified 

a posteriori group-specific analysis of saccharin consumption relative to baseline. D) OP-VEH 

mice. E) OP-TNF40 mice. Values are mean +/- SD. In A), B) and C), * p<0.05, ** p<0.01, *** 

p<0.001 for OP-TNF40 versus OP-VEH mice following group X day interaction effect and post 

hoc LSD test. In E), ** p<0.01, *** p<0.001 versus day -3 baseline following day main effect 

and post hoc LSD test. Dashed lines in A) indicates assay LLOQ, and in B) indicates body 

weight on day 0.   

 

Figure 5. Local effects of region-specific injection and 14-day expression of a scrAAV-8/2-

CMV-chI-murine TNF vector (AAV-TNF), control vector (AAV-CON), or vehicle (VEH). A) 
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Hippocampal tissue TNF concentration following hippocampal injection. B) Percent area of 

amygdala expressing Iba-1 as a marker for microglia activation following amygdala injection. 

In A), dashed line depicts assay LLOQ; nd: not detectable. In B) *** p<0.001 for group main 

effect followed by post hoc LSD test. Representative sections depicting amygdala region 

from C) AAV-CON mouse and D) AAV-TNF mouse.  

 

Figure 6. Effects of bilateral i.c.v. injection of AAV-TNF (1.1e11 vg/ml) versus AAV-CON 

(1.1e10 vg/ml). A) Day 22 mouse-specific TNF concentration in tissue from periventricular 

regions. TNF levels in AAV-CON mice were below assay LLOQ (0.3 pg/ml; this value was 

assigned for analysis). Dashed line represents limit of detection based on assay LLOQ and 

average protein concentration. nd: not detectable. B) Mean-weekly body weight relative to 

day 0 baseline. C) Days 20-22 saccharin consumption in the two-bottle test. D-E) Days 14-15 

contextual fear conditioning and memory expression tests: D) Day 14  % time freezing during 

intervals between footshock US (ITIs). E) Day 15 % time freezing during 1-min intervals. F-H) 

Day 16 two-way avoid-escape test comprising 30 CS-US trials analyzed in 3 x 10-trial blocks: 

F) Avoid-escape failures. G) Per cent time freezing. H) ITI compartment transfers. Values are 

mean +/- SD. In A), * p< 0.05 in unpaired t-test. In B)-H), * p<0.05, ** p<0.01 for group main 

effect or interaction effect followed by post hoc LSD test. Data points indicated by different 

letters are significantly different at p<0.05 or lower for trial main effect followed by post hoc 

LSD test.    

 

Figure 7. Effects of bilateral hippocampal injection of AAV-TNF (1.1e10 vg/ml) versus AAV-

CON (1.1e10 vg/ml). A) Day 16 mouse-specific TNF concentration in hippocampal tissue. TNF 

levels in AAV-CON mice were below assay LLOQ. Dashed line represents limit of detection; 
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nd: not detectable. B) Mean-weekly body weight relative to day 0 baseline. C-D) Days 14-15 

contextual fear conditioning and memory expression tests: C) Day 14 % time freezing during 

intervals between footshock US (ITIs). D) Day 15 % time freezing during 1-min intervals. E) 

Memory consolidation index comparing % time freezing during expression intervals 1-2 (see 

C) with % time freezing during conditioning trials 5-6 (see D). F-H) Day 16 two-way avoid-

escape test comprising 30 CS-US trials analyzed in 3 x 10-tral blocks: F) Avoid-escape failures. 

G) Per cent time freezing. H) ITI compartment transfers. Values are mean +/- SD. In A) * 

p<0.05 in unpaired t-test. In E) p<0.05 in paired t-test. Otherwise, * p<0.05, ** p<0.01, *** 

p<0.001 for group main effect or interaction effect followed by post hoc LSD test. Data 

points indicated by different letters are significantly different at p<0.05 or lower for trial 

main effect followed by post hoc LSD test. 

 

Figure 8. Effects of bilateral amygdala injection of AAV-TNF (1.1e10 vg/ml) versus AAV-CON 

(1.1e10 vg/ml). A) Day 22 mouse-specific TNF concentration in amygdala tissue. TNF levels in 

AAV-CON mice were below assay LLOQ. Dashed line represents limit of detection; nd: not 

detectable. B) Mean-weekly body weight relative to day 0 baseline. C) Days 20-22 saccharin 

consumption in the two-bottle test. D-E): Days 14-15 CS fear conditioning and memory 

expression tests: D) Day 14 % time freezing during CS of CS-US trials. E) Day 15 % time time 

freezing during CS trials. F-H) Day 16 two-way escape test comprising 30 US trials analyzed in 

3 x 10-trial blocks: F) Escape failures. G) Per cent time freezing. H) ITI compartment transfers. 

Values are mean +/- SD. In A) *** p<0.001 in unpaired t-test. In B-H), * p<0.05, ** p<0.01 for 

group main or interaction effect followed by post hoc LSD test. Data points indicated by 

different letters are significantly different at p<0.05 or lower for trial main effect followed by 

post hoc LSD test.  
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