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Summary
Abnormal basal activity and stress-evoked reactivity of the hypothalamic-pituitary-adrenal (HPA)
axis are often seen in depression, implicating HPA axis dysfunction as a potentially causative or
exacerbating factor. Chronic stress is also a factor in depression, but it is not known what may
underlie the shift from adaptive to maladaptive HPA activity over the course of chronic stress.
Interleukin 6 (IL-6), a stress-inducible cytokine that signals through gp130 and IL-6R! receptors to
activate the JAK/STAT3 signaling cascade, is elevated in some subtypes of depression, and may
have a modulatory effect on HPA activation, raising the possibility that IL-6 contributes to
depression through effects on the HPA axis. In this study, we examined the effects of three
different stress modalities, acute footshock, chronic intermittent cold (CIC) stress and chronic
unpredictable stress (CUS) on IL-6 signaling in the hypothalamus. We also investigated whether
IL-6 modulates the HPA response to chronic stress, by blocking IL-6 signaling in the brain during
CIC stress using either a neutralizing antibody or an inhibitor of STAT3 phosphorylation. We
show that IL-6 and STAT3 in the hypothalamus are activated in response to footshock and CUS.
We also found that basal IL-6 signaling through the JAK/STAT3 pathway is required for the
sustained CORT response to chronic, but not acute, cold stress and therefore is a potential
determinant of plasticity in the HPA axis specifically during chronic stress exposure.
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1. Introduction
The hypothalamic-pituitary-adrenal (HPA) axis coordinates the primary physiological
response to stress through the secretion of glucocorticoids. While HPA axis responses to
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acute stress are generally considered adaptive for re-establishing homeostasis, there is now
substantial evidence that repeated exposure to stress induces persistent changes in HPA axis
functionality that may produce maladaptive outcomes (McEwen, 2007). Indeed, stress is a
prevalent risk factor in many psychopathologies, and several of these disturbances are linked
to altered glucocorticoid secretion. For example, depression is often associated with
increased glucocorticoid secretion (Gillespie and Nemeroff, 2005), whereas, post-traumatic
stress disorder patients often present with lower cortisol levels than controls (Yehuda, 2006).
Dysregulation of the HPA axis is also found in panic disorder, chronic fatigue syndrome,
generalized anxiety disorder, obsessive-compulsive disorder and bipolar disorder (Daban et
al., 2005; Abelson et al., 2007; Gustafsson et al., 2008; Van Houdenhove et al., 2009; Lenze
et al., 2011). This wealth of evidence points to HPA axis dysfunction as a possible
etiological link between stress and development of psychiatric disease. However, it is not
known what underlies the switch between adaptive and maladaptive HPA axis responses to
different modalities and degrees of stress.

There is also a growing recognition of the potential role of neuroinflammation in the
development of many psychiatric disorders (Koo et al., 2010; Haroon et al., 2011; Monje et
al., 2011). Interleukin 6 (IL-6) is a pleiotropic cytokine secreted by cells of the innate
immune system during the first phases of an immune challenge. Elevated IL-6 levels appear
to be consistently associated with some subtypes of depression (Dantzer et al., 2008;
Schmidt et al., 2011), and depressed patients subjected to acute stress have higher levels of
IL-6 in their plasma than non-depressed individuals (Pace et al., 2006). Peripheral IL-6
levels are elevated in humans and rodents exposed to acute stress (Zhou et al., 1993; Steptoe
et al., 2007). Stress also alters IL-6 expression in the rat brain (Girotti et al., 2011), but the
functional implications of these effects have not been elucidated.

IL-6 is produced in the brain by activated glia, in response to peripheral immune challenge,
and is also expressed in neuronal populations (Vallieres and Rivest, 1997; Ghorbel et al.,
2003; Frank et al., 2010; Jankord et al., 2010). IL-6 signals through a specific trans-
membrane receptor (IL-6Rα) and the ubiquitous transducer molecule gp130. The IL-6Rα is
also present as a soluble protein that acts agonistically and confers IL-6 responsivity to cells
that do not express the trans-membrane form of the receptor, but do express gp130 (Schobitz
et al., 1995). This may be an especially important mechanism in the CNS, where soluble
IL-6Rα has been detected (Marz et al., 1999). The IL-6/IL-6Rα/gp130 ternary complex
activates Janus kinase 1 and 2 (JAK1, JAK2) that phosphorylate the transcription factor
STAT3 on Tyr705 residues, inducing STAT3 dimerization and transcriptional activation.
One target gene of activated STAT3 is Suppressor of Cytokines 3 (SOCS3), an E3 ubiquitin
ligase that binds activated JAK and STAT and targets them to the proteosome, acting
therefore as a negative regulator of JAK/STAT signaling. In addition, IL-6-activated JAKs
can stimulate the ERK1/2 pathway as well as the PI3 kinase/Akt pathways through
phosphorylation of Src-homology phosphatase 2 (SHP2) (Ernst and Jenkins, 2004).

There is evidence that both acute (Jankord et al., 2007; Jankord et al., 2010) and chronic
stress (Girotti et al., 2011a) can increase levels of IL-6 mRNA in the rat hypothalamus. In
addition, chronic intermittent cold (CIC) stress sensitizes brain responses to a peripheral
immune challenge, with consistent and robust effects on IL-6 expression (Girotti et al.,
2011a). These data indicate that IL-6 is a stress-responsive cytokine, and that some of the
detrimental effects of stress in the brain could be due to increased expression of this
inflammatory molecule. However, not all models of stress alter hypothalamic IL-6
expression (Hueston et al., 2010).

IL-6 and its receptors (IL-6R! and gp130) have been localized in the PVN (Vallieres and
Rivest, 1997; Jankord et al., 2010). In addition, early investigations using ex vivo, in vitro or
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overexpression models suggested that IL-6 may have a modulatory effect on HPA axis
outputs, both at the level of the pituitary gland (Lyson and McCann, 1992; Sarlis et al.,
1993) and the adrenal gland (Gonzalez-Hernandez et al., 1994), raising the possibility that
IL-6 contributes to stress-related psychopathology through its effects on HPA axis
activation. However, very little functional data is available to suggest a mechanism of action
for IL-6 as a possible modulator of HPA axis plasticity. If IL-6 signaling is shown to
regulate HPA axis activity following chronic stress, it may be possible to target IL-6
signaling as a novel therapeutic approach, to effectively reduce HPA axis hyperactivity in
depression and other psychopathologies.

Thus, in this study, following up on our previous observations that acute footshock stress
robustly induces IL-6 expression in the hypothalamus (Girotti et al., 2011a), we determined
whether this effect was accompanied by functional activation of the IL-6 signaling pathway.
In addition, to assess the generality of stress effects on IL-6 signaling to chronic as well as
acute stress, we compared the induction of IL-6 expression following acute footshock to that
obtained with two other qualitatively different stress stimuli. The first was a homotypic
metabolic stressor, chronic intermittent cold (CIC) stress. The second was chronic
unpredictable stress (CUS), which has been shown to produce depressive-like behaviors in
rats (Bondi et al., 2008; Hill et al., 2012). We then investigated a potential role for IL-6 in
the plastic changes the HPA axis undergoes during chronic stress, by blocking IL-6
signaling in the brain during CIC stress using either a neutralizing antibody or a
pharmacological inhibitor of STAT3 phosphorylation. Portions of this work have been
presented in abstract form (Girotti, 2011b).

2. Methods
2.1. Animals

Adult male Sprague-Dawley rats (Harlan), weighing approximately 220-240 g upon arrival,
were housed 3 per cage and maintained on a 12/12-h light cycle (lights on at 07:00h) with
access to food and water ad libitum. Animals were allowed to acclimatize to the facility for a
minimum of four days before any experimental procedures began. A total of 182 animals
were used in these experiments. All procedures were conducted according to NIH
guidelines, and were reviewed and approved by the UTHSCSA Institutional Animal Care
and Use Committee. All efforts were made to minimize unnecessary pain and distress, and
the number of animals used.

2.2. Surgery
For intracerebroventricular infusions, rats were anesthetized (ketamine 43 mg/ml,
acepromazine 1.4 mg/ml, xylazine 8.6 mg/ml, in a volume of 1.0 ml/kg IM, with 25%
supplement as needed) and a local analgesic (1mg/kg bupivacaine) was applied SC at the
site of incision. Animals were placed in a stereotaxic apparatus and a bilateral injection
cannula (28GA, 4.5mm, Plastics One) was implanted aimed at the lateral ventricles
(coordinates from bregma: AP −0.9 mm, ML ± 1.4 mm, DV –4.5 mm) and affixed to the
skull with dental acrylic. Sterile vinyl tubing connected the cannula to two osmotic
minipumps (Alzet model 1004, flow rate 0.11! l/h, for up to 28 days) implanted sub-
cutaneously at the base of the neck. After surgery, the rats were treated prophylactically with
penicillin G (300,000 IU/ml, 1.0 ml/kg, SC), and housed singly for at least one week before
any experimental procedures began.

2.3. Experiment 1
Acute footshock was applied as described previously (Girotti et al., 2011a). Briefly, rats
were placed in a footshock chamber (Habitest Model H10-24, Coulbourn) and subjected to a
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series of footshocks consisting of 3 × 5 sec scrambled footshocks (1.5 mA) with 5 sec
between shocks, followed by 150 sec with no shock, repeated 5 times in 15 min. The 15 min
shock period was followed by 15 min of no shock, and the entire 30 min sequence, 15 min
footshock + 15 min no shock, was repeated three times for a total of 90 min. The last 15 min
were no footshock. Rats were then either decapitated immediately (i.e., with no home cage
recovery time, 0hr) or returned to their home cage for recovery time of 0.5hr, 3.5hr or 24hr
before sacrifice (See Figure 1). No Footshock (No FS) control rats were left undisturbed in
their home cages and sacrificed along with stressed rats at each time point. Since there was
no effect of time in the No FS animals, the data for this group were pooled. In addition, to
investigate any potential effect of exposure to the footshock chamber alone on the IL-6 or P-
STAT3 levels, an experiment was performed in which animals were placed in the footshock
chamber for 90 min without delivering any shock, and were sacrificed 30 min after returning
to their home cage along with a small number of animals that remained in the home cage
(n=4). After sacrifice, hypothalami were dissected for qPCR and western blot analysis.

2.4. Experiment 2
Chronic intermittent cold (CIC) stress was administered as described previously (Girotti et
al., 2011a). Animals were transported in their home cage with food, water and bedding to a
4°C cold room for 6 h each day for 14 consecutive days. Control animals remained
undisturbed in their home cages in the housing room for the same period of time. Different
groups of rats were sacrificed at the end of 6h cold exposure on day 1, day 7 or day 14 of
CIC (see Figure 1), together with subsets of non-stressed (NS) control rats. Since there was
no effect of time alone in the NS rats, the data were pooled into a single control group.
Trunk blood was collected, and hypothalami were dissected for qPCR, ELISA and western
blot analysis.

2.5. Experiment 3
Chronic unpredictable stress consists of a battery of different mild stressors, one per day for
14 days, according to the list in Figure 1, essentially as described previously (Bondi et al.,
2008) except that we introduced acute cold as one of the stress stimuli, to allow comparison
with the CIC protocol in Experiment 2. Thus, as in the CIC stress procedure, rats were
sacrificed at the end of a 6h acute cold stress, either on day 7 or day 14 of CUS (Figure 1).
An additional control group of rats were exposed only to the two acute cold stress treatments
seven days apart, with no other stressors applied (Cold x2). This group was compared to the
14 days CUS group to differentiate effects due simply to two repeated cold exposures from
effects due to the chronic unpredictable stress treatment (Figure 1). Groups of non-stress
control rats were left undisturbed in their home cages and sacrificed at the same time as
stressed animals. Since no effect of time was observed, the NS data was pooled into a single
control group. After sacrifice, hypothalami were dissected for qPCR and western blot
analysis.

2.6. Experiments 4 and 5
For experiment 4, animals were implanted with osmotic minipumps delivering goat anti-rat
IL-6 antibody (150 ng/2.64! l/side/day, ICV) or an equivalent amount of normal goat IgG
control (R&D Systems). Following 7-8 days of recovery, one group of animals from each
drug treatment was subjected to CIC stress for 14 days (CIC 14d, see Figure 1). At the end
of the 6h cold exposure on day 14, animals were sacrificed together with a group of rats that
had received the drug treatments and were exposed to just 6h of cold stress on that day (CIC
1d) and a group that had received treatment but was never stressed.

Experiment 5 was identical in design to Experiment 4, except that the animals received
100ng/2.64! l/side/day of the JAK/STAT inhibitor, JSI-124 (Cucurbitacin I, Indofine
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Chemical Company). This concentration of JSI-124 is 75! M, which corresponds to 10x the
IC50 for inhibition of STAT3 phosphorylation in vitro (Sun et al., 2005). The compound
was made as a 10 mg/ml stock in 100% ethanol, then diluted to the desired concentration
with sterile saline, resulting in a final ethanol concentration of 0.33%. Vehicle animals were
infused ICV with 0.33% EtOH/saline. In both experiments, after sacrifice trunk blood was
collected for HPA axis hormone measures and hypothalami dissected for western blot
analysis of P-STAT3. Hypothalamic STAT3 phosphorylation was used as an index of
treatment effectiveness of the neutralizing antibody and of JSI-124. There were no visible
signs of gross physical or behavioral changes in any of the animals receiving either IL-6
antibody or JSI-124 compared to controls and to non-operated animals.

2.7. Tissue and plasma collection
The brain was rapidly removed and dissected on ice with the aid of a brain matrix. For the
hypothalamus, a 5 mm coronal slab was first cut, approximately between bregma −0.3 mm
and −5.3 mm. The hypothalamus was then dissected from this slab, by cutting 3 mm
laterally from the midline at each side and 3 mm dorsally from the base of the brain (just
below the thalamus). The hypothalamus was then dissected into two halves along the
midline; one side was used for mRNA extraction and the other for ELISA or western blot
procedures. The brain dissections were immediately frozen in a bath of 2-methylbutane on
dry-ice, then stored at −80°C. Trunk blood was collected into a tube containing 100 μl 0.5M
EDTA on ice. Plasma was separated by centrifugation (4000 x g, 15 min, 4°C), and stored in
aliquots at −80°C.

2.8. Real-time qPCR
Quantitative real-time PCR was performed essentially as described (Girotti et al., 2011a).
Briefly, total RNA was extracted and purified from hemi-hypothalami using Trizol reagent
(Invitrogen) and the PureLink RNA Mini Kit (Invitrogen Carlsbad, CA), with the addition of
an on-column DNAse purification step, according to manufacturer’s instructions. Equal
amounts of total RNA (2.5! g per sample) were used in a cDNA synthesis reaction using the
High Capacity cDNA RT Kit (Applied Biosystems, Foster City, CA). No reverse
transcriptase controls were also run and used in qPCR to verify the complete removal of
genomic DNA from the RNA samples. Real time PCR reactions were assembled using
diluted cDNA and 400 nM of each specific forward and reverse primer (Integrated DNA
Technology) with Sso Fast EVAgreen reaction mix (SYBR green, Biorad). Samples were
run in triplicate on a BioRad CFX384 Real Time System with the following conditions: one
cycle at 95°C for 2 min followed by 40 cycles of denaturation (95°C, 5 sec), annealing and
elongation (60°C, 10 sec). Relative gene expression was calculated using the 2−ΔΔC

T
method. Primer sets for IL-6 and GAPDH were as previously described (Girotti et al.,
2011a). Primer sequences for SOCS3 (Genebank acc# NM_053565.1) were: Forward: 5′-
ACCTTCCTTTGAGGTTCAGGAGCA-3′, Reverse: 5′-
TGACCGTTGACAGTCTTCCGACAA-3′; they were validated for efficiency and absence
of primer dimers as described previously (Girotti et al., 2011a).

2.9. Western blotting
Frozen tissue was sonicated (12 sec, 50% power) in lysis buffer (50mM Tris pH 7.4,
150mM NaCl, 1% Nonident-P40, 0.1% SDS, 0.5% deoxycholate) containing protease and
phosphatase inhibitors (Sigma), incubated on ice for 10 min with occasional mixing and
centrifuged for 10 min at 18000x g at 4°C. Forty micrograms of total protein were subjected
to SDS-PAGE and transferred to PVDF membrane (immobilon P, Millipore). After blocking
(Prime ECL blocking agent, GE Healthcare), blots were incubated overnight at 4°C with a
rabbit anti-phospho-STAT3 (Tyr 705) monoclonal antibody (1:1000, Cell Signaling)
followed by HRP-secondary antibody and ECL detection with Prime ECL reagent (GE
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Healthcare). The blots were stripped and re-probed with anti-STAT3 antibody (1:1500,
sc-8019, Santa Cruz) to normalize the P-STAT3 signal, and with anti-GAPDH (1:20000,
Cell Signaling) to normalize for loading. No effect of treatment was found on total STAT3
expression. For IL-6 detection, blots were blocked with 5% BSA and incubated overnight at
4°C with goat anti-IL-6 antibody (1:400, M19, sc-1265, Santa Cruz) followed by secondary
goat-HRP incubation and ECL detection (Ghorbel et al., 2003).

2.10. Enzyme-linked immunosorbent assay
For experiment 2, hypothalamic lysates were prepared with Tissue Extraction Reagent I
(Invitrogen, Cat # FNN0071) and half of the sample was used in western blots (as described
above) and the other half was used in a high sensitivity ELISA assay for the determination
of rat IL-6 (Invitrogen) according to manufacturer’s instructions. Absorbance at 450 nm
(with correction at 570 nm) was measured on an ELx808 instrument (Biotek Instruments).
The assay sensitivity was 0.5 pg/ml and the coefficient of variability was 8.8%.
Hypothalamic IL-6 was expressed as a function of total protein, as determined by the
Bradford Assay (Sigma).

2.11. Radioimmunoassays
Plasma corticosterone and ACTH levels were determined using the ImmuChem Double
Antibody 125I RIA Kit (MP Biomedicals) according to manufacturer’s instructions. The
inter-assay coefficient of variation was 10% for Corticosterone and 6% for ACTH. The
sensitivity of the assay is approximately 8 ng/ml for CORT and 6 pg/ml for ACTH.

2.12. Data analysis
All data were analyzed by one-or two-way ANOVA. Where significant main effects or
interactions were detected, the Dunnett’s or Newman-Keuls tests were used for post hoc
comparisons. Significance in all analyses was determined at p < 0.05.

3. Results
3.1. Experiment 1

We have previously shown that acute footshock (90 min) elevates the levels of IL-6
transcript in the hypothalamus (Girotti et al., 2011a). In Figure 2A, we show that IL-6
protein levels were also significantly increased in the hypothalamus 3.5h following the end
of stress compared to No FS controls (F4,22=3.71, p<0.05, n=4-6). IL-6 mRNA levels were
also significantly increased in these rats at 0.5h of recovery (F4,22= 3.10, p<0.05; 0.5h
recovery vs No FS, p<0.05, Dunnet’s post-hoc comparison, n= 4-6, data not shown). In
parallel, phosphorylation of STAT3, a primary transcriptional effector of IL-6/gp130
receptor activation, was significantly increased 0.5h after the end of stress compared to No
FS (Figure 2B; F4,21=3.47, p<0.05, n=4-6). Expression of SOCS3, a target of P-STAT3
activation, was also significantly elevated at 0.5 and 3.5h of recovery compared to No FS
(Figure 2C; F4,50= 3.49, p<0.05, n= 10-14). Western blot analysis revealed no significant
differences in levels of IL-6 or P-STAT3 in the hypothalamus of rats that were simply
exposed to the footshock chamber for 90 min with no shock, then sacrificed 30 min after
returning to the home cage compared to rats that remained in the home cage (Optical density
ratio of IL-6/tubulin: chamber 0.43 ± 0.05, cage 0.41± 0.08; Optical density ratio of P-
STAT3/STAT3: chamber 0.82 ± 0.03, cage 0.87± 0.28; n=4; data not shown). These data
suggest that acute footshock induced the expression of IL-6 and activated the downstream
signaling effectors of the IL-6/gp130 pathway in the hypothalamus.
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3.2. Experiment 2
We then investigated whether chronic intermittent cold stress (CIC), a homotypic chronic
metabolic stressor that sensitizes the HPA axis to novel acute stressors (Ma and Morilak,
2005), could also produce long term changes in IL-6 expression and signaling in the
hypothalamus. There was a significant main effect of CIC stress on IL-6 mRNA expression
(F3,44=7.61, p<0.001, n=12). As shown in Figure 3A, expression of IL-6 mRNA was
elevated at the end of 6h cold stress exposure on the 1st day of stress as well as on the 7th

day of repeated exposure compared to No Stress (NS) controls, but not on day 14.
Throughout this time course, however, we did not observe changes in IL-6 protein, STAT3
phosphorylation or SOCS3 expression (Figure 3B-D). IL-6 protein levels were verified by
two independent methods, western blot (data not shown) and high-sensitivity ELISA (shown
in Figure 3B), obtaining similar results in both.

3.3. Experiment 3
Next, we examined the effects of chronic unpredictable stress (CUS), a stress paradigm
more intense than CIC stress and known to elevate basal corticosterone levels (Herman et
al., 1995), on hypothalamic IL-6 signaling. In this experiment, for comparison with the CIC
stress time course, we used 6h cold stress as one of the variable stressors of the CUS and
sacrificed the animals at the end of this stress (see Methods and Figure 1). Controls were
represented by a No Stress group (NS) and a group of rats that were exposed twice to 6h
cold stress, 7 days apart (Cold x2). This group was compared to the 14 days CUS group to
differentiate effects due simply to two cold exposures from effects due to the variable stress
treatment. As shown in Figure 4A, there was a significant increase in IL-6 mRNA levels in
animals receiving CUS compared to NS controls (F3,18=6.71, p<0.01, n=4-6). IL-6 mRNA
expression was elevated after the cold stress applied on day 7 of CUS, and was still
significantly elevated by acute cold stress after 14 days of CUS. However, this was not
significantly different from the increase in IL-6 mRNA observed after two exposures to cold
stress alone (Cold x2). Nonetheless, unlike the effect of CIC, IL-6 protein levels were also
increased at day 14 by CUS (Figure 4B; F3,13=3.33 p=0.052, n=4-5). Further, P-STAT3
levels were also elevated and were significantly different from both the NS and Cold x2
controls (Figure 4C; F3,17= 4.36, p<0.05, n=4-6). This suggests that a history of chronic
unpredictable stress can prime an enhanced IL-6 signaling response to cold stress more
robustly than repeated homotypic cold stress. These data further suggest that activation of
IL-6 signaling in the hypothalamus is not confined to acute stress, and is not simply an
idiosyncratic response to the specific metabolic challenges imposed by cold stress exposure.
A notable difference in the responses to acute footshock and CUS was the failure of CUS to
induce SOCS3 (Figure 4D).

3.4. Experiment 4
Repeated exposure to homotypic stress often results in habituation of the HPA axis (Girotti
et al., 2006). Despite the repetitive nature of CIC stress, and in agreement with previous
observations (Bhatnagar and Meaney, 1995), the corticosterone response during CIC stress
did not habituate and was still significantly elevated at the end of 6h cold stress on day 14 of
CIC stress (Figure 5; F3,39= 11.52, p<0.0001, n=10-11). In addition, basal CORT levels on
the morning after day 14 of CIC stress were indistinguishable from controls (data not
shown), ruling out the possibility that the elevated CORT levels at the end of day 14 of CIC
stress are due to higher basal CORT secretion.

We then examined whether IL-6 contributed to the sustained CORT response to repeated
cold stress. For this, we examined the CORT levels at the end of either 1 day or 14 days of
CIC stress in animals receiving chronic ICV infusion of an anti-rat IL-6 neutralizing
antibody (see Figure 1). Control rats received isotype-matched normal serum IgG. There
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were significant main effects of Stress (F2,28= 7.61 p<0.01) and Antibody (F1,28= 5.23,
p<0.05, n=5-7) (Figure 6A). CORT levels were significantly increased at the end of a single
exposure to cold stress in both IgG and anti-IL-6 treated animals, compared to their
respective No Stress (NS) controls. Although the interaction term did not achieve
significance (F1,28= 1.82, p= 0.18), the main effect of the anti-IL-6 antibody treatment was
clearly driven by a difference in CORT response on day 14 of cold stress. Post-hoc analysis
confirmed this, revealing a significant difference between IL-6 antibody and IgG control
treatment on day 14 of CIC; CORT was elevated after cold stress in animals that received
control IgG treatment, whereas those receiving anti-IL-6 antibody during the course of
chronic stress had CORT levels indistinguishable from NS controls (Figure 6A).

For ACTH, there was also a significant main effect of Stress (F2,29=6.16, p<0.01, n=5-8),
but no main Antibody effect and no interaction (Antibody: F1,29= 0.04, p>0.05; Interaction:
F2,29= 0.87 p>0.05). ACTH was significantly elevated at the end of a single exposure to cold
stress in both IgG and anti-IL-6 treated animals, compared to their respective No Stress (NS)
controls (Figure 6B). In addition, in the same animals we measured the levels of P-STAT3
in the hypothalamus. As shown in Figure 6C, P-STAT3 levels were lower in animals
receiving constant infusion of anti-IL-6 antibody compared to animals that did not. There
was a significant main effect of Antibody (F1,27= 16.13, p<0.001), confirming the
effectiveness of the anti-rat IL-6 treatment. This also suggests that basal IL-6 activity
contributes to at least 50% of phosphorylated STAT3 in the hypothalamus. Further, this
indicates that the lack of an IL-6 antibody effect on CORT and ACTH measures seen after a
single exposure to cold was not due to a lack of IL-6 neutralization, since all anti-IL-6
groups displayed a similar reduction in STAT3 phosphorylation. There was no significant
main effect of Stress on P-STAT3, nor a Stress × Antibody interaction (Stress F2,27= 0.92,
p>0.05; Interaction, F2,27= 1.79, p>0.05).

3.5. Experiment 5
To further confirm that gp130 receptor activation was required for CIC stress modulation of
HPA axis responses, we also tested the effects of chronic ICV infusion of 100 ng/side/day of
JSI-124, an inhibitor of Janus kinase 2 (JAK2), and to a lesser extent JAK1, two effector
kinases coupled to gp130 receptors. JAK2 is the main kinase responsible for STAT3
tyrosine phosphorylation. Figure 7A shows that, similar to what we observed with the
neutralizing antibody, continuous inhibition of JAK activity with JSI-124 reduced the CORT
response at the end of cold stress on day 14 of CIC compared to NS, but not on the first day
of stress (Stress × Drug interaction: F2,29= 6.89, p<0.01; Stress main effect: F2,29=7.19,
p<0.01; Drug main effect: F1,29= 0.15, p>0.05; n=5-6). This was paralleled by a similar
profile in the ACTH response (Stress × Drug interaction: F2,27= 6.04, p<0.01, Stress main
effect: F2,27= 7.51, p<0.01, Drug main effect, F1,27= 2.84, p>0.05; n=5-6,) (Figure 7B). A
significant reduction in P-STAT3 levels in the animals receiving JSI-124 confirmed the
inhibitor’s efficacy within the hypothalamus (Figure 7C) (Drug main effect: F1,33=4.58,
P<0.05; Stress main effect F2,33= 0.34, P>0.05; Interaction, F2,33= 0.24, P>0.05.; n=5-8). A
lower dose of JSI-124 (20ng/side/day), which did not significantly alter P-STAT3 levels,
was not effective in reducing CORT levels on day 14 of CIC (data not shown). Taken
together, the results indicate that inhibition of basal IL-6 signaling during repeated stress
exposure attenuates the CORT response after repeated cold stress, but not to acute cold
stress.

4. Discussion
In this study we explored the bidirectional relationship between stress and IL-6 signaling in
the hypothalamus, in vivo. In experiments 1-3, we investigated how stress either acutely or
chronically impacts IL-6 expression and signaling in the hypothalamus. In experiments 4
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and 5, we investigated whether IL-6 signaling modulates the HPA axis response to acute and
chronic stress.

4.1. Effects of stress on IL-6 expression and signaling
Following up on our previous observations that acute footshock significantly increased
levels of IL-6 mRNA in the hypothalamus immediately after the end of footshock and 30
min into the recovery period (Girotti et al., 2011a), we now show that IL-6 protein levels are
also increased in the hypothalamus with a significant peak at 3.5 h of recovery (Figure 2). In
parallel, we observed increased phosphorylation of STAT3, one of the main downstream
signals of the IL-6/IL-6R!/gp130 cascade, suggesting that stress-induced IL-6 in the
hypothalamus is functionally coupled to the JAK/STAT3 pathway. In addition, SOCS3, a
target of STAT3 transcriptional activation, is also significantly induced 30 min after the end
of stress and still elevated at 3.5h of recovery, further confirming the activation of the JAK/
STAT3 signaling pathway. SOCS3 is a E3 ubiquitin ligase that ubiquitinates JAK and STAT
molecules targeting them to the proteasome (Yoshimura et al., 2007). It acts as a negative
regulator of the JAK/STAT pathway and an anti-inflammatory signal (Croker et al., 2003).
Thus, JAK/STAT3 induction of SOCS3 may be interpreted as an early negative regulatory
response to an incipient inflammatory process in the hypothalamus. These data extend our
previous observations and provide evidence that the IL-6 signaling pathway in the
hypothalamus is activated as a consequence of footshock, complementing previous reports
of increased plasma IL-6 levels following footshock (Zhou et al., 1993). In other models of
footshock, IL-6 mRNA was not elevated in the hypothalamus (Hueston et al., 2010). This
discrepancy may be due to differences in stressor intensity or sampling time. In those
studies, IL-6 was generally measured immediately at the end of stress, whereas we have
found that IL-6 induction in response to stress has a slower time course and is more
pronounced during the post-stress recovery period. This pattern of expression fits with the
slower time-course of IL-6 induction in the hypothalamus in response to inflammation (IL-6
is a late-term cytokine) (Laye et al., 1994). This may also be a consequence of early
activation of other cytokines such as IL-1!, that often act as upstream activators of IL-6
under acute inflammatory conditions (Stylianou and Saklatvala, 1998) and that have beem
shown to be induced in the hypothalamus by footshock (Blandino et al., 2006).

The effects of chronic stress on hypothalamic IL-6 signaling have not been explored. In our
CIC stress model, IL-6 mRNA was elevated in the hypothalamus following stress
application on days 1 and 7 of repeated stress. However, this was not complemented by
detectable changes in IL-6 protein expression, STAT3 activation or SOCS3 induction. This
discrepancy between IL-6 mRNA and protein levels is intriguing. One possible cause of this
phenomenon, to be explored in future studies, is the inhibition of IL-6 translation by
microRNAs, as has been shown under some circumstances (Kang et al., 2011). In any case,
the lack of IL-6 protein increase is consistent with observations by other groups who have
reported changes in hypothalamic IL-6 mRNA levels following stress without any change in
protein level or number of cells expressing IL-6 (Jankord et al., 2010). Therefore, we
conclude that IL-6 protein levels may not change detectably during CIC stress.

Interestingly, a more robust chronic stressor, CUS was able to induce not only a time-
dependent increase in IL-6 mRNA expression, but also an increase in IL-6 protein and
STAT3 phosphorylation. This phenomenon was not attributable to acute stress application
on the day of sacrifice, but was a result of the preceding course of chronic unpredictable
stress, demonstrating that sufficiently intense chronic stressors can also activate the JAK/
STAT3 pathway in vivo. SOCS3 levels, however, did not change under these conditions. It
is possible that we missed the peak of SOCS3 (and STAT3) induction in this experiment,
since the time of sacrifice was at the end of a 6h cold stress, and SOCS3 mRNA has a high
turnover rate (Siewert et al., 1999). This seems unlikely, however, since in pilot
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experiments, induction of SOCS3 was not observed after 1h, 2h or 3h of acute cold exposure
(data not shown). Another possibility is that chronic stress uncouples P-STAT3 activation
from SOCS3 induction. If this is the case, one could predict that failure to instate this anti-
inflammatory signal may contribute to the sensitized brain responses to immune challenge
following CIC stress that we have previously reported (Girotti et al., 2011a).

4.2. Effects of inhibition of basal IL-6/STAT3 signaling on HPA axis responses to cold
stress

Besides being induced by acute stress, IL-6 has also been implicated in the regulation of the
HPA stress response (Raber et al., 1998). For example, in hypothalamic explants IL-6
increased CRH release at the median eminence (Spinedi et al., 1992), and in rats, ICV
infusion of IL-6 induced ACTH release in an AVP- and CRH-dependent manner (Kageyama
et al., 1995). In the present study, we revealed a specific role for IL-6 in regulating HPA
reactivity after chronic stress. Blocking IL-6 signaling by preventing binding to the IL-6R!
and gp130 receptors with a neutralizing antibody directed against endogenous rat IL-6 did
not inhibit CORT secretion in response to the first exposure to cold stress. However,
neutralization of IL-6 during repeated cold stress completely prevented the rise in CORT
seen after acute cold exposure on day 14. Importantly, this was paralleled by reduced
STAT3 phosphorylation in the hypothalamus. These data indicate that basal IL-6 activity,
functionally coupled to the JAK/STAT3 signaling pathway, modulates and sustains the HPA
axis response to repeated stress. An effect of antibody treatment was less evident on ACTH.
However, it is important to note that blood sampling occurred 6h after the beginning of
stress, so it might be expected by that time that the ACTH response may have largely
recovered, and thus the drug effect was less obvious. It is possible that sampling earlier in
the application of stress may have revealed more robust effects of the antibody treatment on
the ACTH response to cold stress.

Similar effects were observed with chronic administration of JSI-124, an inhibitor of JAK1
and JAK2 kinases coupled to gp130 and responsible for STAT3 tyrosine phosphorylation,
confirming that the functional activation of gp130 signaling is required for the modulation of
HPA axis response with chronic stress. These results suggest that STAT3 may be one of the
downstream effectors of IL-6 function in this system, although, it is also possible that other
effectors of gp130/JAK signaling may be involved (i.e., Shp/Ras/ERK and PI3k/Akt).
Further, with intraventricular infusion, it is also possible that the inhibitors may have had
effects in extra-hypothalamic areas known to regulate or modulate the activity of the HPA
axis (e.g., bed nucleus of the stria terminalis, amygdala, lateral septum, hippocampus,
prefrontal cortex, etc.). Future studies will address these possibilities. Finally, because of the
emphasis on HPA output measures, this work is focused on IL-6 signaling within the
hypothalamus. However, we are also currently investigating the effects of basal IL-6 and
STAT3 activity in the rat orbitofrontal cortex with respect to outcomes in cognitive
performance.

4.3. Mechanism of action
We envision two possible, non-mutually exclusive mechanisms of action for IL-6 signaling
in regulating HPA axis outputs. One possibility is that IL-6 expressed in hypothalamic
neurons is released either in the pituitary directly, or in the median eminence to reach the
pituitary, acting similarly to arginine vasopressin (AVP) to enhance or prolong the effects of
CRH on ACTH release. Indeed, it has been suggested that IL-6 has effects at the level of the
pituitary, especially under inflammatory conditions (Lyson and McCann, 1992; Sarlis et al.,
1993). IL-6 has been immunolocalized in the median eminence (Jankord et al., 2007;
Jankord et al., 2010) and also in vasopressin-containing magnocellular neurons of the PVN
(Ghorbel et al., 2003; Gonzalez-Hernandez et al., 2006; Jankord et al., 2010). Moreover,
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IL-6R! and gp130 are expressed in the anterior pituitary (Hanisch et al., 2000; Gautron et al.,
2003). Acute stress preferentially activates IL-6-containing magnocellular neurons in the
PVN (Jankord et al., 2010) and depletes IL-6 content in the median eminence while,
concomitantly, activating STAT3 in the pituitary and increasing ACTH secretion (Jankord et
al., 2007). However, not all IL-6 positive cells in the PVN localize to the magnocellular
subdivision (Ghorbel et al., 2003; Gonzalez-Hernandez et al., 2006; Jankord et al., 2010). It
is known that under conditions of repeated stress, neurons of the parvocellular subdivision
accumulate AVP (Ma et al., 1997) and AVP released by these cells is responsible for
sustained pituitary-adrenal activation (Scaccianoce et al., 1991; Ma et al., 1997) through
actions on corticotroph V1b receptors to stimulate ACTH release (Aguilera and Rabadan-
Diehl, 2000). Thus, it is possible that IL-6 is also expressed in these parvocellular neurons,
and that IL-6 co-released with AVP during repeated stress may act on the pituitary gland to
reinforce the effects of AVP, exerting paracrine effects similar to those described for another
member of the gp130 cytokine family, leukemia inhibitory factor (LIF), which can activate
POMC transcription via the JAK/STAT3 pathway (Auernhammer and Melmed, 2000).
Alternatively, IL-6 in the pituitary may act to upregulate the enzyme pro-hormone
convertase that processes POMC (Li et al., 1999).

Another possibility is that IL-6 acts in a paracrine manner within the hypothalamus to
influence stress-responsive PVN neurons. Besides being present in vasopressin-containing
neurons, IL-6 is found also in a small number of non-peptidergic neurons in the PVN
(Jankord et al., 2010). Both IL-6R! and gp130 are also expressed in the PVN (Vallieres and
Rivest, 1997). Moreover, astroglia and microglia can produce and release IL-6. In cortical
slices, IL-6 reduces the amplitude of GABAA receptor currents by decreasing the number of
GABAA receptor sites at the plasma membrane (Garcia-Oscos et al., 2012). It is possible
that during repeated cold stress, local release of IL-6 downregulates GABA receptors on
stress-responsive PVN neurons, thus reducing their sensitivity to tonic inhibition by
GABAergic fibers and facilitating excitatory drive (Galic et al., 2012; Levy and Tasker,
2012). The data in Figure 5, showing that central blockade of IL-6 activity reduced HPA
axis output in response to 14 d of CIC stress, would support this hypothesis. The fact that the
effects of IL-6 signaling were observed after repeated but not acute stress suggests that they
may involve convergence, interaction or regulation of other stress-responsive signals that are
also recruited with chronic stress (e.g., repeated increases in glucocorticoids and GR
activation). It is also possible that other permissive factors must first be present for basal
IL-6 signaling to have these effects, and this may explain why there is no specific up-
regulation of hypothalamic IL-6 mRNA or protein after two weeks of CIC stress.
Interactions of STAT3 and GR in regulating expression of GR-responsive genes have been
documented (Lerner et al., 2003; Langlais et al., 2012), and LIF-dependent activation of
STAT3 has been shown to decrease GR expression itself (Kariagina et al., 2005). Indeed,
the increased levels of IL-6 protein and P-STAT3 we observed after the more robust chronic
stress treatment with CUS may represent a tonic increase in central drive responsible for the
elevation of basal CORT levels (Herman et al., 1995). Thus, IL-6 signaling in the
hypothalamus may contribute to plasticity in the HPA axis in response to strong or
protracted stressors.

Hyperactivity of the HPA axis is observed in a subset of depressed patients, and the results
of numerous clinical studies suggest that normalizing the HPA axis may be an important
step for stable remission of symptoms. For example, CRH receptor 1 antagonists have held
high promise in the treatment of mood disorders associated with hypersecretion of CRH, for
their ability to reduce anxiety and other depressive symptoms (Refojo and Holsboer, 2009).
But pharmacokinetic and hepatotoxicity issues have led to the discontinuation of clinical use
of these drugs (Bosker et al., 2004). Therefore, there is an urgent need for alternatives. In
this context, existing treatments that reduce IL-6 signaling, such as tocilizumab, a well-
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tolerated humanized anti-IL-6R! antibody used in rheumatoid arthritis patients (Nishimoto et
al., 2005; Jones et al., 2011), might be effective, either alone or as an adjunct to CRH
receptor inhibitors (Kehne and Cain, 2010), in reducing the HPA axis hyperactivity
associated with depression.

4.4. Conclusion
In sum, we have shown that IL-6 and STAT3 in the hypothalamus are activated in response
to acute and chronic stress. We have also discovered that basal IL-6 signaling through the
JAK/STAT3 pathway is an important determinant of the plastic changes occurring in the
HPA axis during repeated stress exposure. Elucidating the mechanisms by which
constitutive IL-6 signaling exerts these effects may offer new targets for pharmacological
intervention in stress-related disorders that involve dysfunction of the HPA axis.
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Figure 1. Schematic representation of the experimental outlines
CIC= chronic intermittent cold stress, CUS= chronic unpredictable stress, Sac= sacrifice.
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Figure 2. Effect of acute footshock on IL-6 protein, STAT3 phosphorylation and SOCS3 mRNA
levels in the hypothalamus
Rats were sacrificed immediately after 90 min of footshock (0h) or at 0.5h, 3.5h and 24h of
recovery. The hypothalami were rapidly dissected and one half used for determination of
IL-6 protein levels (A, n=4-6) and STAT3 phosphorylation (P-STAT3, n=4-6) (B) with
western blot; the other half of the hypothalamus was used to determine SOCS3 mRNA
levels by qPCR (C, n= 10-14). No FS= no footshock. *significantly different from No FS
control by Newman-Keuls post-hoc test at p<0.05.
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Figure 3. Effect of chronic intermittent cold (CIC) stress on IL-6 mRNA, IL-6 protein, P-STAT3
and SOCS3 mRNA levels in the hypothalamus
Rats were sacrificed at the end of 6h cold stress on day 1, 7, or 14 of CIC, or at the same
time of day for non-stressed (NS) rats. One half of the hypothalamus was used to determine
levels of IL-6 mRNA (A, n=12) and SOCS3 mRNA (D, n=12) and the other half was used
to measure IL-6 protein (B, n=9-11) and P-STAT3 (C, n=10-12) content. IL-6 protein was
determined using an ELISA assay, but similar results were seen by western blot.
*significantly different from NS control by Newman-Keuls post-hoc test at p<0.05.
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Figure 4. Effect of chronic unpredictable stress (CUS) on IL-6 mRNA, IL-6 protein, P-STAT3
and SOCS3 mRNA levels in the hypothalamus
Rats were sacrificed at the end of 6h cold stress on day 7 and day 14 of a CUS paradigm
detailed in Figure 1. NS= no stress control. Cold x2= rats were exposed to 6h cold stress on
two days separated by six days of no stress (see Figure 1). One half of the hypothalamus was
used to determine levels of IL-6 mRNA (A, n= 4-6) and SOCS3 mRNA (D, n= 4-6) and the
other half was used to measure IL-6 protein (B, n= 4-5) and P-STAT3 (C, n=4-6) content.
*significantly different from NS control and # significantly different from Cold 2x, by
Newman-Keuls post-hoc test at p<0.05.
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Figure 5. Corticosterone response during the time course of CIC stress
Levels of plasma corticosterone (CORT) at the end of 6h cold stress in the animals of
Experiment 2 were determined by RIA (n=10-11). *significantly different from NS control
by Newman-Keuls post-hoc test at p<0.05.
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Figure 6. Effects of anti-rat IL-6 neutralizing antibody on plasma CORT, plasma ACTH and
hypothalamic P-STAT3 levels in CIC stressed animals
Rats received constant ICV infusions of either a rat neutralizing antibody (anti-IL-6) or a
control IgG and were subjected to 1 or 14 days CIC. No Stress animals are indicated by NS.
All groups received the drug treatments for the same length of time. Rats were sacrificed at
the end of 6h cold exposure. CORT (panel A, n= 5-7) and ACTH (panel B, n= 5-8) were
measured in the plasma and P-STAT3 levels (panel C, n= 5-6) were measured in
hypothalamus lysates. * significantly different from NS within the same drug treatment, #
significantly different from CIC-14d IgG, $ significant Main Effect of Antibody, p<0.05,
Newman-Keuls post-hoc test.
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Figure 7. Effects of the STAT3 phosphorylation inhibitor JSI-124 on plasma CORT, plasma
ACTH and hypothalamic P-STAT3 levels in CIC stressed animals
Rats received constant ICV infusions of either a STAT3 phosphorylation inhibitor, JSI-124,
or vehicle and were subjected to 1 or 14 days CIC. No Stress animals are indicated by NS.
All groups received the drug treatments for the same length of time. Rats were sacrificed at
the end of 6h cold exposure. CORT (panel A, n=5-6) and ACTH (panel B, n=5-6) were
measured in the plasma and P-STAT3 levels (panel C, n=5-8) were measured in
hypothalamus lysates. * significantly different from NS within the same drug treatment, #
significantly different from CIC-14d VEH, $ significant Main Effect of Drug,
p<0.05,Newman-Keuls post-hoc test.
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