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Interleukin-6 promotes microtubule stability
in axons via Stat3 protein–protein interactions

Lauren K. Wareham,1,5 Franklin D. Echevarria,2,5 Jennifer L. Sousa,3 Danielle O. Konlian,3 Gabrielle Dallas,1

Cathryn R. Formichella,1 Priya Sankaran,1 Peter J. Goralski,3 Jenna R. Gustafson,3

and Rebecca M. Sappington3,4,6,*

SUMMARY

The interleukin-6 (IL-6) family of cytokines and its downstream effector, STAT3,
are important mediators of neuronal health, repair, and disease throughout the
CNS, including the visual system. Here, we elucidate a transcription-indepen-
dent mechanism for the neuropoietic activities of IL-6 related to axon develop-
ment, regeneration, and repair. We examined the outcome of IL-6 deficiency on
structure and function of retinal ganglion cell (RGC) axons, which form the optic
projection. We found that IL-6 deficiency substantially delays anterograde axon
transport in vivo. The reduced rate of axon transport is accompanied by
changes in morphology, structure, and post-translational modification of micro-
tubules. In vivo and in vitro studies in mice and swine revealed that IL-6-depen-
dent microtubule phenotypes arise from protein-protein interactions between
STAT3 and stathmin. As in tumor cells and T cells, this STAT3-stathmin interac-
tion stabilizes microtubules in RGCs. Thus, this IL-6-STAT3-dependent mecha-
nism for axon architecture is likely a fundamental mechanism for microtubule
stability systemically.

INTRODUCTION

IL-6 is the flagship member of the neuropoietic family of structurally related cytokines (Bauer et al., 2007).

First identified as a B-cell differentiation factor (Hirano et al., 1985), it is now implicated in a number of

trophic roles outside of the immune system, including neurogenesis (Leibinger et al., 2013; Borsini et al.,

2015), neuronal (and glial) function (Hama et al., 1989), differentiation (Satoh et al., 1988; Sulistio et al.,

2018), and proliferation (Storer et al., 2018). IL-6 is constitutively expressed in murine retina (Sims et al.,

2012) and changes in IL-6 expression are associated with a variety of ocular disorders and injuries (San-

chez et al., 2003; Noma et al., 2006, 2009; Zahir-Jouzdani et al., 2017), including retinal ganglion cell

(RGC) degeneration (Chidlow et al., 2012; Echevarria et al., 2017). IL-6 deficiency inhibits axon regrowth

following optic nerve crush, while intravitreal application of IL-6 improves axon regrowth, suggesting that

IL-6 facilitates optic nerve axon repair and regeneration in response to injury (Leibinger et al., 2013).

Additionally, in vitro studies indicate that IL-6 can prevent RGC apoptosis and promote neurite

outgrowth (Sappington et al., 2006; Chidlow et al., 2012; Leibinger et al., 2013). Despite the evidence

that IL-6 can influence RGC survival, growth and repair, the role of constitutive IL-6 signaling in retina

remains unexamined.

In this study, we explored the neurotropic role of IL6 in the visual system, using germline IL-6 deficiency

(IL-6�/�). The visual system is an extension of the CNS and provides an effective tool for examining

neuronal function. Our findings highlight a novel homeostatic function for IL-6 in development and main-

tenance of microtubule architecture in RGC axons. This function influences the overall structure of RGC

axons, the rate of axon transport, and microtubule stability. Interestingly, IL-6 mediates axon

structure and function via polyglutamylation state of tubulin and STAT-3 protein-protein interactions

with MAPs, including stathmin and MAP-2. Our findings identify a homeostatic role for IL-6 in the struc-

ture and function of RGC axons and elucidate a mechanism for IL-6 activities in axon growth and repair.

These findings have significant implications for our understanding of constitutive functions for IL-6 in the

CNS with considerations for fundamental mechanisms of microtubule dynamics and therapeutic targeting

of IL-6.
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RESULTS

IL-6 ablation produces deficits in anterograde axon transport

In mice, 70–80% of RGC axons in the optic nerve project to the superior colliculus (SC) (Dreher et al., 1985)

and the neural tracer cholera toxin beta (CTB) is routinely used to trace the RGC projection and measure

the rate of axon transport (Crish et al., 2010; Abbott et al., 2013; Echevarria et al., 2017). In WT mice, CTB

labeled the entire SC 3 days after intravitreal CTB injection (median = 98.1%; Figures 1A and 1B). In

contrast, IL-6�/�mice exhibited varying deficiencies in anterograde transport of CTB to the SC compared

with WT mice (Figures 1A and 1B). Overall, transport to the SC was diminished by 13% in IL-6�/� mice

(median = 87.000%), as compared to WT mice (p = 0.014; Figures 1A and 1B). This deficiency in transport

was detectable throughout the optic projection, including the dorsal and lateral geniculate nucleus of the

thalamus (Figure 1C).

IL-6 deficiency reduces the rate of anterograde axon transport

Deficits in anterograde transport often result from structural abnormalities in RGC density or termination.

Thus, we examined RGC density in the retina and the spatial representation of estrogen-related receptor

beta (ERRb)+ RGC terminals in the SC. The distribution of neuron-specific beta-tubulin (btubIII) and neuro-

filament (SMI-31) in RGC somawas comparable inWT and IL-6�/� retina (Figure 2A). Quantification of RGC

soma density revealed no significant difference between genotypes (WT = 7969 G1311 RGCs/mm2 vs

IL-6�/� = 7539 G1053 RGCs/mm2; p = 0.284, Figure 2A). Similarly, ERRb immunolabeling in the SC

IL-6�/�mice exhibited full innervation of the SC that was comparable to WT mice, even in areas with defi-

cient CTB tracing (p<0.05; Figure 2B).

Next, we determined whether transport impairment was specific to CTB. In WT and IL6�/�mice, we exam-

ined the pattern and degree of CTB uptake in Brn3a+ RGC soma in the retina (Figure 2C). Colocalization of

CTB with the RGC-specific marker Brn3a was comparable IL-6�/� in both WT and IL6�/� mice, as illus-

trated by Mander’s colocalization frequencies of 0.9465 and 0.9746 for WT and IL6�/� mice, respectively

(Figure 2C, inserts). CTB uptake is caveolin-dependent (Singh et al., 2003). Thus, we examined caveolin

expression and localization in WT and IL-6�/� retina. Immunohistochemical assessment of caveolin-1 re-

vealed similar expression in Brn3a+ RGCs (Figure 2D). Quantification of caveolin-1 protein in whole retina

confirmed no significant difference in expression betweenWT and IL6�/�mice (p<0.05; Figure 2D). Finally,

we repeated tracing of the optic projection with wheat germ agglutinin (WGA), another neural tracer that is

internalized by a caveolin-independent mechanism (Margolis et al., 1981; Wan et al., 1982). With a tracing

Figure 1. IL-6�/� mice exhibit deficits in anterograde axon transport

(A) Representative coronal sections through the superior colliculus (SC) and respective retinotopic heat maps after 3 days of CTB transport in WT (left) and

IL-6�/�mice (right). Arrows in coronal sections indicate areas of transport deficits. Density of the CTB signal for the heat maps range from 0% (blue) to 50%

(green) to 70% (yellow) to 100% (red). Numbered dashed lines in retinotopic maps indicate the location of respective coronal section and white circles

indicate position of the optic disk (OD). Medial (M) and rostral (R) orientations are indicated. Scale = 500 mm for all images.

(B) Quantification of intact transport (%70% Density). Dashed lines indicate median value and asterisks indicate p<0.05. n = 9–12 SC/genotype. Error bars =

95% confidence interval.

(C) Representative coronal sections through the lateral geniculate nucleus (LGN) after 3 days of CTB transport inWT (left) and IL-6�/�mice (right). Solid lines

indicate borders of the ventral (vLGN) and dorsal (dLGN) regions of the LGN. Dashed lines indicate areas of transport deficit. Arrows indicate location of the

optic tract (OpT). Scale = 500 mm.
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Figure 2. Axon transport deficits in IL-6�/� mice reflect a reduced rate of anterograde transport

(A) Representative 40X images of dual-labeled btubIII+/SMI-31+ RGCs from mid-central/mid-peripheral retina in WT (left) and IL-6�/� (right) mice.

Quantification of RGC density showed no significant difference betweenWT and IL-6�/�mice (p = 0.284, n = 5–7 images/retina, 3 retina/genotype). Scale =

50 mm. Error bars = standard deviation.

(B) Representative images of ERRb localization in the SC (left) and quantification of ERRb signal density (right) suggests no alteration in the structure of RGC

post-synaptic inputs to the SC between WT and IL-6�/� mice (p<0.05, n = 6 SC/genotype). Scale = 500 mm. Error bars = standard deviation.

(C) Representative 100X micrographs of CTB uptake (red) in WT (top) and IL-6�/� (bottom) retina immunolabeled with the RGC marker Brn3a (green).

Inserts: Mander’s colocalization frequency. Scale = 50 mm.

(D) Top Panels: Localization of the caveolin-1 (Cav-1) to Brn3a+ RGC cell soma (red) in WT (left) and IL-6�/� (right) retina. Arrowheads indicate Cav-1+/

Brn3a+ RGC soma. Scale = 20 mm. Bottom Panels: Immunoblotting (left) and densitometric quantification (right) of Cav-1 (22kDa) normalized to b-actin

(42kDa) in retina from WT (white) and IL-6�/� (gray) mice. n = 3 retina/group. Error bars = standard deviation.

(E) Left Panels: Representative coronal sections through the SC and respective retinotopic heat maps after 3 days of WGA transport in WT (left) and IL-6�/�
mice (right). Arrows in coronal sections indicate areas of transport deficits. Density of the CTB signal for the heat maps range from 0% (blue) to 50% (green) to

70% (yellow) to 100% (red). Numbered dashed lines in retinotopic maps indicate the location of respective coronal section and white circles indicate position
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latency of 3 days, IL-6�/� mice again showed significant deficiencies in WGA transport compared to WT

mice (median values, WT = 94.709% intact transport, IL-6�/� = 81.381%, p = 0.004, Figure 2E).

Finally, we explored the possibility that there was a change in the rate of anterograde axon transport, rather

than a true deficit in transport. We repeated tracing with both CTB andWGAwith a tracing latency of 5 days

instead of 3 days. As demonstrated in Figures 1A and 2E, full transport to the superior colliculus is achieved

inWTmice after a 3-day tracing latency. After 5 days, both CTB andWGA labeling in the SC of IL-6�/�mice

was comparable to that of WT mice (CTB = 98.945%, p = 0.671; WGA = 91.589%, p = 0.202; Figure 2F). In

previously published studies, we confirmed that these IL-6�/�mice lack expression of IL-6 in retina (Eche-

varria et al., 2017). Thus, these results indicate that IL-6 deficiency slows the rate of anterograde axon trans-

port in RGCs.

IL-6 deficiency leads to abnormal microtubule morphology in RGC axons

Since the slower rate of axon transport in IL-6�/� mice is not attributable to gross abnormalities in RGC

soma or terminals, we examined the ultrastructure of RGC axons. Electron micrographs (670003 magnifi-

cation) of optic nerve cross-sections from WT and IL-6�/� mice identified gross structural differences in

RGC axons between IL-6�/� and WT mice (n = 10; Figure 3A). Microtubules in WT mice appear tightly

packed, with a typical beads-on-a-string morphology (Figure 3A, white arrows), whereas IL-6�/�mice dis-

played increased spacing between microtubule bundles, and a more disorganized structure (Figure 3A,

arrowheads). RGC axons in IL-6�/� optic nerve displayed a larger overall diameter (Dt) compared to

WT optic nerve (p<0.001, Figure 3B). This increase in size was due to an approximate 12% increase in

both inner axon diameter (Di; p<0.001, Figure 3B) and myelin thickness (p<0.001, Figure 3B). Thus, myelin

sheath thickness increased to accommodate the larger size of axons in IL-6�/�mice (Figure 3B). This was

confirmed by identical g-ratios (Di/Dt) between the two genotypes (WT = 0.621; IL-6�/�= 0.627, p = 0.356;

Figure 3B).

To visualize microtubules specifically, we performed immunohistochemical staining of microtubules in the

unmyelinated portion of RGC axons in whole retina with antibodies against both alpha (a)- and beta (b)-

tubulin. In WT mice, immunolabeling against a-tubulin exhibited a compact, linear pattern parallel with

the trajectory of the axon in both peripheral (top panel) and central regions (middle/bottom panels) of

the retina (Figure 4A). However, in IL-6�/�mice, a-tubulin labeling unveiled aggregations of tubulin along

themicrotubule (Figure 4A). This observation was corroborated by a similar aggregation pattern of neuron-

specific b-tubulin (Figure 4B). IL-6-related disorganization of the axon cytoskeleton appeared specific to

microtubules as labeling against actin (Phalloidin; Figure S1A) and phosphorylated heavy neurofilament

(pNF-H; Figure S1B) revealed a comparable linear architecture in RGC axons from both WT and IL-6�/�
mice. Quantification of a- and b-tubulin protein levels by Western blot analysis revealed no significant dif-

ference between IL-6�/�mice and WT mice in both the retina and optic nerve (a-tubulin retina p = 0.191,

optic nerve p = 0.05; b-tubulin retina p = 0.867, optic nerve p = 0.374; Figure 4C), suggesting that tubulin

aggregation was not due to protein over-expression and deposition. Together, these data demonstrate

that IL-6 deficiency leads to the disorganization of microtubule ultrastructure in axons of the optic nerve

that is not dependent upon expression levels of a- or b-tubulin.

IL-6 deficiency alters the tertiary structure of microtubules via MAP localization and post-

translational modifications

The proper functioning and morphology of microtubules is facilitated by the presence of MAPs (Dehmelt

and Halpain, 2005; Kapitein and Hoogenraad, 2015). MAP2 is a major component of cross-bridges between

neuronal microtubules and is able to stabilize microtubules and facilitate the recruitment of motor proteins

for axon transport (Shiomura and Hirokawa, 1987; Hirokawa et al., 1988; Takemura et al., 1992; Felgner

et al., 1997; Al-Bassam et al., 2002; Kapitein and Hoogenraad, 2015). Accordingly, we explored the possi-

bility that tubulin aggregation in IL-6�/� mice was secondary to abnormalities in MAP localization. In WT

Figure 2. Continued

of the optic disk (OD). Medial (M) and rostral (R) orientations are indicated. Scale = 500 mm. Right Panel: Quantification of intact transport (%70%

Density). Dashed lines indicate median value and asterisks indicate p<0.01. n = 5–11 SC/genotype. Error bars = 95% confidence interval.

(F) Left Panels: Representative coronal sections through the SC and respective retinotopic heat maps after 5 days of CTB (left) or WGA (right) transport in

IL-6�/�mice. OD= optic disk. Scale = 500 mm. Right Panel: Quantification of intact transport (%70% Density). Dashed lines indicate median value. n = 5–11

SC/genotype. Error bars = 95% confidence interval.
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mice, MAP2 protein is evenly distributed throughout RGC axons in the myelinated optic nerve (Figure 5A).

In contrast, immunolabeling for MAP2 is dramatically diminished in IL6�/� nerves (Figure 5A). Quantifica-

tion of MAP2 protein expression confirmed decreased MAP2 expression in IL6�/� optic nerve compared

with WT (p = 0.004, Figure 5A). Interestingly, expression of MAP2 in retina was 48% greater in IL-6�/�mice

compared to WT (p = 0.014; Figure 5A). These data suggest that transcription and translation of MAP2 is

likely similar in IL-6�/� and WT mice. However, MAP2 protein is sequestered in the retina and does not

localize properly to tubulin in RGC axons of IL-6�/� mice.

MAP binding affinity and localization is mediated, in part, by post-translational modifications on tubulin.

Polyglutamylation of tubulin is a post-translational modification that directly influences MAP2 binding to

tubulin (Boucher et al., 1994; Bonnet et al., 2001). To assess levels of polyglutamylation in the optic nerve

of IL-6�/�mice, we performed immunohistochemical staining using GT335, an antibody specific for poly-

glutamylated tubulin (Figure 5B). Optic nerve sections in IL-6�/�mice exhibited almost a complete lack of

GT335 immunolabeling compared to WT mice (Figure 5B). Quantification of polyglutamylated tubulin by

Western blot analysis revealed a 95% reduction in polyglutamylation levels in IL-6�/� optic nerve

(p<0.0001) and a 45% reduction in the retina compared with WT mice (p = 0.0005; Figure 5B). These results

indicate that the absence of IL-6 signaling reduces polyglutamylation of tubulin in vivo.

IL-6 deficiency impedes STAT3:Stathmin protein-protein interaction

To determine whether changes in MAP2 localization and b-tubulin glutamylation state manifest in MAP2-

tubulin associations, we performed proximity ligation assay (PLA) in optic nerve sections against MAP2 and

Figure 3. IL-6�/� mice exhibit distorted microtubule morphology in RGC axons

(A) Representative electron micrographs of RGC axons in optic nerve from WT (left) and IL-6�/� mice. Arrows indicate

typical microtubule morphology. Arrowheads indicate abnormal microtubule morphology. 670003 magnification.

Scale = 100 nm.

(B) Quantification of inner axon diameter (left) and myelin sheath thickness (middle) and g-ratio (right) of axons in WT

(n = 8 nerves) and IL-6�/� (n = 9 nerves) optic nerve. Dashed line in boxplots indicates median value. Asterisks = p<0.01.

Error bars = 95% confidence interval.
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b-tubulin. PLA is designed to identify protein complexes in situ (Söderberg et al., 2006). In PLA, a fluores-

cent signal is obtained when the target proteins are localized within 40nm of each other (Söderberg et al.,

2006). Thus, this assay detects protein co-localization at single-molecule resolution in situ, which is highly

suggestive of protein-protein interaction (Söderberg et al., 2006; Debaize et al., 2017; Sable et al., 2018).

Accordingly, previous studies indicate that proteins identified as co-localized by immunohistochemistry

do not necessarily meet the criteria to produce a PLA signal (Lutz et al., 2017). Our PLA studies revealed

that MAP2:b-tubulin interactions were surprising low, even in WT optic nerve (Figure S2). Even so, IL-6�/

� optic nerve exhibited no fluorescent puncta above background levels observed in no antibody controls

(Figure S2). These data suggest that the absence of IL-6 signaling likely perturbs the relatively weak inter-

actions between b-tubulin and MAP2 in optic nerve.

MAP2 is only one of many proteins in the large scaffold of microtubule tertiary and quaternary structure.

Thus, we examined another candidate MAP with established links to both tubulin stability and IL-6

signaling. Stathmin interacts with and binds to tubulin dimers to facilitate microtubule depolymerization

(Belmont and Mitchison, 1996; Curmi et al., 1997; Ng et al., 2006). Stathmin itself can also interact with

STAT3 protein, which is most widely appreciated as the primary transcription factor downstream of IL-6

(Bromberg and Darnell, 2000). RNA sequencing revealed no difference in gene transcription for either

Stat3 or stathmin in WT versus IL-6�/� retina (Table 1). Similarly, immunohistochemical labeling against

Stathmin and STAT3 in optic nerve sections revealed qualitatively similar localization and expression pat-

terns in WT and IL-6�/�mice (Figure 6A). To determine whether STAT3 and stathmin are localized closely

enough to interact in optic nerve, we performed PLA against STAT3 and stathmin in optic nerve sections

from WT and IL-6�/� mice. In WT optic nerve, STAT-3:stathmin PLA revealed fluorescent puncta

Figure 4. IL-6 deficiency induces tubulin disorganization in RGC axons

(A and B) Representative confocal micrographs (100X) of a-tubulin (A; red) and b-tubulin (bTubIII; B; green)

immunolabeling in peripheral (left) and central (middle) regions of wholemount retina from WT (top) and IL-6�/�
(bottom) mice. Arrowheads indicate regions with aggregated labeling. Boxed regions were zoomed to highlight

aggregations (right). Scale = 20 mm.

(C) Immunoblotting (top) and densitometric quantification (bottom) of a-tubulin (50 kDa) and b-tubulin (55 kDa)

normalized to GAPDH (36 kDa) in retina and optic nerve from WT and IL-6�/� mice (n = 3). Error bars = standard

deviation.
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throughout RGC axons, indicating that STAT-3 and stathmin localize within 40nm of each other (Figure 6B).

In contrast, IL-6�/� optic nerve exhibitedminimal fluorescent puncta (Figure 6B) that was similar to no anti-

body controls (Figure 6B). These data suggest that: (1) STAT3 and stathmin co-localize with one another in

optic nerve and (2) this association is close enough to interact directly as part of a cytoskeletal protein com-

plex in RGCs.

To further examine the potential interaction between STAT3 and stathmin in RGC axons, we first deter-

mined whether the STAT3-stathmin association was a conserved element of RGC axo-architecture. In optic

nerve sections from swine, we examined STAT3 and stathmin by PLA. These PLA studies revealed fluores-

cent puncta throughout RGC axon bundles that was similar to that observed in mice (Figures 6B and 6C).

Western blotting in whole protein lysate confirmed the presence of both STAT3 and stathmin in porcine

optic nerve (Figure 6D). Densitometry analysis relative to GAPDH expression suggested that STAT3 protein

(0.782 O.D. G 0.05 O.D.) is present at a higher concentration than stathmin (0.155 O.D. G 0.06 O.D.) in

Figure 5. IL-6 deficiency dramatically reduces MAP2 localization and poly-glutamylation of tubulin in optic nerve

(A) Left Panels: Representative confocal images of MAP2 (green) and b-III-tubulin (red) immunolabeling with DAPI

counterstain (blue) in cryosections of optic nerve from WT and IL6�/�mice. Scale = 40 mm, left panel and 20mm, middle

and right panels. Right Panels: Immunoblotting (bottom) and densitometric quantification (top) of MAP2 (70 kDa)

normalized to GAPDH (36 kDa) in retina and optic nerve from WT and IL-6�/� mice (n = 3). Error bars = standard

deviation. Asterisks = p%0.01.

(B) Left Panels: Representative confocal images of polyglutamylated tubulin (GT335; green) and b-III-tubulin (red)

immunolabeling with DAPI counterstain (blue) in cryosections of optic nerve fromWT and IL6�/�mice. Scale = 40 mm, left

panel and 20mm, middle and right panels. Right Panels: Immunoblotting (bottom) and densitometric quantification (top)

of GT335 normalized to GAPDH in retina and optic nerve from WT and IL-6�/� mice (n = 3). Error bars = standard

deviation. Asterisks = p%0.01.
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porcine optic nerve (p<0.001). This is consistent with the qualitative difference in the intensity of STAT3 and

stathmin immunolabeling in mouse optic nerve (Figure 6A).

To determine whether the positive PLA signal observed in mouse and porcine optic nerves arises from

direct interaction between STAT3 and stathmin, we performed co-immunoprecipitation (Co-IP) in porcine

optic nerves. We utilized anti-stathmin antibody conjugated to Protein A-coated beads to precipitate

stathmin and its binding partners from whole protein lysates of the porcine optic nerve. Stathmin IP sam-

ples were then probed by Western blotting for the presence of STAT3. Protein A-only IP samples served as

the negative control. These Co-IP studies revealed the presence of STAT3 in stathmin IP samples, but not in

the Protein A IP control samples (Figure 6E). Unfortunately, the low level of stathmin expression in optic

nerve, combined with its small molecular weight (17 kDa), proved challenging for reverse co-IP. However,

the positive detection of this interaction by both in situ (PLA) and biochemical (Co-IP) modalities, strongly

suggest that: (1) STAT3 protein interacts with stathmin in RGC axons and (2) this interaction is likely depen-

dent upon IL-6.

IL-6 activation promotes interactions between STAT3 and stathmin in RGCs

To determine whether IL-6 alters the localization and expression patterns of STAT3 and stathmin directly in

RGCs, we treated primary cultures of purified RGCs with recombinant IL-6 (rIL6; 1ng/mL or 10ng/mL) for

4 days and examined STAT3 and stathmin expression by immunocytochemistry. IL-6-dependency was

confirmed by reversal with the addition of 10ng/mL neutralizing IL-6 antibody (nAb). The highest intensity

labeling was noted in the soma for all conditions (Figure S3). However, treatment with rIL-6 appeared to

impact the localization of STAT3 and stathmin in RGC neurites (Figures S3A and S3B). To attempt capture

of these changes in localization, we masked RGC soma and measured the intensity of STAT3 and stathmin

immunolabeling in neurites only. Treatment with 10ng/mL rIL-6, but not 1ng/mL rIL-6, increased the label-

ing intensity for STAT3 in RGC neurites by 45% (p>0.05 and p = 0.04, respectively; Figure S3A and S3C). Co-

administration of 1ng/mLnAb and 10ng/mL rIL-6 prevented this increase in STAT3 intensity (p>0.05; Fig-

ure S3A and S3C). While quantification revealed no significant difference in the integrated pixel density

(Figure S3C), aggregates of stathmin were visible in RGC neurites following treatment with 10ng/mL

rIL-6 (Figure S3B). These aggregations were not visible when IL-6 nAb was co-administered with the

10ng/mL rIL-6 (Figure S3B).

Using the same pharmacological paradigm above, we determined whether IL-6 promotes interaction be-

tween STAT3 and stathmin, using PLA. PLA against STAT3:Stathmin revealed that rIL-6 treatment increases

interactions between these two proteins, particularly in RGC neurites (Figure 7A). This was most notable

with the highest dose of rIL-6 and was reversed by addition of nAb. Subcellular changes in localization

are more easily visualized with 3D mapping of thermal luts for PLA signal (Figures 7A and 7B). To quantify

IL-6-induced changes in STAT3-statmin interaction, we measured the integrated density of PLA fluores-

cence (Figure 7C). Like STAT3 and stathmin immunolabeling, changes in neurite localization appeared

to be particularly significant. Thus, we masked RGC soma for measurement and calculation of PLA inte-

grated density. These analyses revealed that 10ng/mL rIL-6 increases PLA signal intensity in RGC neurites

by 24% over control conditions (p<0.01; Figure 7C). Co-treatment with 10ng/mL rIL-6 and IL-6 nAb pre-

vented this change in PLA signal, as compared to 10ng/mL rIL-6 alone (p<0.01; Figure 7C). PLA signal in

the presence of vehicle and 10ng/mL rIL-6 + 10ng/mL IL-6 nAb were identical (p = 0.982; Figure 7C).

Together, these data indicate that IL-6 directly promotes interaction between STAT3 and stathmin in

RGC processes.

IL-6-mediated effects on microtubule structure influences stabilization and destabilization

dynamics

To identify the functional consequence of IL-6-mediated STAT3 activation on microtubule behavior, we

challenged RGCs with the microtubule destabilizer colchicine. Microtubule destabilization by colchicine

Table 1. IL-6 deficiency does not alter STAT3 or stathmin gene expression

Gene Function log2 fold change p value

Stat3 Signal Transducer and Activator of Transcription 3 �0.03 0.70641

Stmn1 Stathmin-1 0.05 0.39545
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ultimately leads to neuronal cell death with prolonged exposure (Gibbs et al., 1980; Emons et al., 1990). To

assess changes in the integrity of b-tubulin+ neurites prior to cell death and to separate STAT3 protein and

transcriptional mechanisms, we utilized a short experimental period of 2 h. Primary cultures of purified

RGCs were treated with 1mM colchicine (Gibbs et al., 1980; Emons et al., 1990) for 1 h with or without

1 h of pre-treatment with 1ng/mL rIL-6. We confirmed specificity of our IL-6-dependent outcomes with a

Figure 6. IL-6 deficiency inhibits STAT3:Stathmin protein–protein interactions

(A) Representative 60X confocal images of co-immunolabeling against stathmin (STMN, red) and STAT3 (green) with DAPI

counterstain (blue) in cryosections of optic nerve from WT and IL6�/� mice. Scale = 40 mm.

(B) Representative confocal micrographs (60X) of STAT3:STMN PLA (red puncta) and no antibody control (bottom; WT

only) with DAPI counterstain (blue) in cryosections of optic nerve fromWT (top) and IL-6�/� (middle) mice. Scale = 10 mm.

(C) Representative confocal micrograph (60X) of STAT3:STMN PLA (red puncta) with DAPI counterstain (blue) in

cryosections of porcine optic nerve. Scale = 40 mm.

(D) Representative immunoblot against STAT3 (79–86 kDa), stathmin (17 kDa) and GAPDH (37 kDa) in whole protein

lysates from porcine optic nerve.

(E) Representative immunoblot against STAT3 in porcine optic nerve following co-immunoprecipitation in whole protein

lysates with anti-stathmin antibody (left) or Protein A beads alone (right).
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nAb (10ng/mL) co-administration. To quantify microtubule stabilization, we immunolabeled RGCs with an-

tibodies against b-tubulin (Figure 8A) and performed Scholl analysis measuring the number of intersections

between b-tubulin+ neurites and Scholl radius intervals originating from the center of RGC soma (Figures

8B and 8C). The Scholl intersection profile (SIP) for each cell was quantified as area under this curve (AUC;

Figure 8D). Treatment with 1mM colchicine reduced the SIP by 67%, as compared to control (p<0.001; Fig-

ure 8D). Pre-treatment with 1ng/mL rIL-6 alone did not alter the SIP, as compared to control (p = 0.25; Fig-

ure 8D). However, pre-treatment with 1ng/mL rIL-6 prevented colchicine-induced reductions in SIP

(p<0.001 versus colchicine alone; p>0.05 versus control or rIL-6 alone; Figure 8D). This preservative effect

was successfully reversed by co-administration of nAb against IL-6 (p<0.001 versus control or rIL-6 alone or

rIL-6 + colchicine; p>0.05 versus colchicine alone; Figure 8D).

We further refined our assessment of neurite outcomes by examining two components of the SIP – the

maximum number of intersections and the radius at which this maximum occurred. We found that the

maximum number of intersections achieved by b-tubulin+ neurites did not change with IL-6 or colchicine

treatments (p>0.05 for all; Figure 8E). However, the radius distance at which this maximum occurred was

52–65% lower for RGCs treated with either colchicine alone or colchicine + rIL-6 pre-treatment + nAb,

as compared to control, rIL-6 alone and colchicine + rIL-6 pre-treatment (p<0.02 for all; Figure 8F).

Together, these data suggest that IL-6 is sufficient to prevent microtubule destabilization and preserve

neurite structure.

DISCUSSION

IL-6 is well-established as an inflammatory mediator, but recent research indicates that IL-6 is a multifunc-

tional, neuropoetic factor with crucial roles in the CNS (Wagner, 1996). These non-inflammatory functions

include axon regeneration (Leibinger et al., 2013;Yang and Tang, 2017), neurogenesis (Marz et al., 1997;

Schafer et al., 1999; Sappington et al., 2006; Chidlow et al., 2012;Leibinger et al., 2013), and neurotrophic

activities (Kahn and De Vellis, 1994; Marz et al., 1997; Schafer et al., 1999; Thier et al., 1999; Sulistio et al.,

2018). A large proportion of the neuropoetic activities for IL-6 involve axon growth and repair (Hirota et al.,

1996; Zhong et al., 1999; Cafferty et al., 2004). Here we describe, for the first time, a potential mechanism

underlying neurotrophic activities of IL-6 relating to axons. Using in vivo and in vitromodels, we describe a

role for IL-6 signaling in the modulation of microtubule dynamics within CNS axons that is mediated by

STAT3 protein-protein interactions with microtubules and MAPs.

Our data demonstrate that IL-6 deficiency reduces the rate of anterograde axon transport in the optic pro-

jection (Figure 1). This delay in axonal transport is not due to decreased density of RGCs or improper RGC

termination in the brain (Figure 2). Rather, IL-6 deficiency resulted in ultrastructural abnormalities of axon

microtubules (Figure 3). Examination of b-tubulin and a-tubulin revealed a disorganized pattern of locali-

zation that was not accompanied by changes in overall protein expression (Figure 4). Axon diameter is

mostly associated with neurofilaments (Leterrier et al., 1996). However, microtubule structure is the primary

mediator of axon diameter in small caliber axons as well as neurofilament-rich axons via mechanisms of

cross-linking (Friede and Samorajs, 1970; Gotow et al., 1994). Furthermore, microtubule phenotypes can

be linked to axon transport facility directly through motor protein binding and microtubule structure as

well as indirectly through interactions with other cyto-skeletal elements, i.e., neuro-filaments (Bulinski

et al., 1987; Kreitzer et al., 1999; Andersen, 2000; Tran et al., 2007). Together, these data suggest that micro-

tubule abnormalities are reflected by disorderly arrangement of tubulin rather than changes in overall avail-

ability of tubulin and that this finding is likely related to the observed delay in axon transport.

Post-translational modifications (PTMs), including acetylation, phosphorylation, glycylation and tyrosina-

tion, play a significant role in establishing interactions among components of axon transport

machinery and, thus, on the efficiency of axon transport (Janke, 2014; Sirajuddin et al., 2014;

Figure 7. IL-6 directly promotes STAT3 and stathmin interaction in RGCs

(A) Representative confocal micrographs (100X) of STAT3:STMN PLA (red puncta) with DAPI counterstain (blue) in

purified, primary RGCs following 4-day treatment with vehicle, recombinant IL-6 (rIL-6; 1ng/mL and 10ng/mL) or 10ng/mL

rIL-6 + neutralizing antibody (nAb). Scale = 20 mm.

(B) 3D plots of thermal luts for STAT3:STMN PLA signal in eachmicrograph pictured in (A). Thermal scale is 0 (purple) to 50

(red).

(C) Quantification of PLA signal present in RGC neurites only. PLA signal is represented as integrated density/mm2 (y-axis)

for each treatment condition. Asterisks indicate p<0.05. Error bars represent standard deviation.
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Figure 8. IL-6 stabilizes microtubules and preserves neurite structure

(A) Representative confocal images (40X) of b-III-Tubulin immunolabeling (green) and DAPI counterstain (blue) in primary, purified RGCs treated for 1 h with

vehicle or 1mM colchicine following 1 h pre-treatment with vehicle, 1ng/mL rIL-6 or 1ng/mL rIL-6 + 10ng/mL nAb. Scale = 50 mm.

(B) Corresponding Scholl analysis tracings to RGCs pictured in (A).

(C) Scholl function depicting the mean number of intersections between b-tubulin+ neurites and Scholl radius intervals originating from the center of RGC

soma for each condition.
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Bodakuntla et al., 2020). Microtubule structure and function is influenced by post-translational modifica-

tions on tubulin, including acetylation, phosphorylation, glycylation and tyrosination (Janke, 2014; Sirajud-

din et al., 2014). Polyglutamylation of tubulin is particularly enriched on neuronal microtubules (Janke and

Bulinski, 2011) and is important in fine-tuning MAP and motor protein association with axons (reviewed in

Magiera et al., 2018). We found that polyglutamylation of tubulin is nearly undetectable in RGC axons from

IL-6�/� mice. MAP2 binding to tubulin is proportional to levels of polyglutamylation of tubulin

(Boucher et al., 1994; Bonnet et al., 2001). Consistent with the levels of polyglutamylated tubulin, we found

negligible localization of MAP2 to RGC axons in IL-6�/�mice (Figures 5 andS2). While the reduction in pol-

yglutamylation of tubulin was most dramatic in the optic nerve, the retina of IL-6�/�mice also exhibited a

reduction in polyglutamylation (Figure 5). In contrast, MAP2 expression was higher in retina from IL-6�/�
mice than that in WT mice (Figure 5). This suggests that MAP2 protein is ‘‘sequestered’’ in RGC soma rather

than being trafficked to RGC axon for association with microtubules. Thus, IL-6 influences microtubule

structure at a level that impacts both post-translational modification of the tubulin building blocks and traf-

ficking/association of proteins essential for establishing tertiary and quaternary structure.

Downstream activities of IL-6 are most often linked to STAT3-mediated gene transcription (Magiera et al.,

2018). However, STAT3 is also associated with microtubule assemblies in non-neuronal cells, i.e., cancer

cells and T-cells (Bonnet et al., 2001; Ng et al., 2006; Kaur et al., 2020). In this context, STAT3 binds stathmin,

which is also further associated with MAP2 binding and poly-glutamylation states (Bonnet et al., 2001). In

neuronal cells, STAT3 and stathmin are also linked to motor neuron degeneration and dysfunction (Verma

et al., 2009; Selvaraj et al., 2012). Accordingly, we assessed STAT3 and stathmin localization and their pu-

tative interactions in RGC axons of the optic nerve, using PLA and Co-IP. Our PLA data strongly suggested

that STAT3 and stathmin interact in RGC axons within the optic nerve of WTmice and swine (Figure 6). In IL-

6�/� mice, this STAT3:Stathmin association was completely absent (Figure 6). Western blot and Co-IP

studies in swine confirmed direct interaction between stathmin and STAT3 in optic nerve (Figure 6).

Inversely, recombinant IL-6 increased STAT3 and stathmin interactions in neurites of primary RGCs purified

from rat retina (Figure 7). These data suggest that: (1) STAT3 and stathmin interact in RGC axons, (2) this

interaction is conserved between species, (3) IL-6 signaling is required for STAT3-stathmin interaction in

RGC axons, and (4) this IL-6 dependency is intrinsic to RGCs and species independent.

In addition to promoting STAT3-stathmin interactions, recombinant IL-6 also prevented colchicine-

induced decreases in neurite integrity (Figure 8). Recombinant IL-6 was sufficient to prevent colchicine-

induced disruption of neurites. Given our 2-h experimental paradigm, these data indicate that IL-6 is a

mediator of microtubule stability via mechanisms that are likely dependent upon protein-protein interac-

tions rather than gene transcription. This is consistent with the established role of STAT3-stathmin interac-

tions in mediating microtubule stability in malignant cells (Ohkawa et al., 2007). Taxol chemotherapy

agents (e.g., paclitaxel) destabilize microtubules by decreasing STAT3 binding to stathmin (Selvaraj

et al., 2012). This leads to a feedback inhibition loop that further reduces STAT3 activation and STAT3-

stathmin interactions to inhibit tumor growth (Sangrajrang et al., 1998; Gao and Bromberg, 2006). Interest-

ingly, resistance to this class of chemotherapeutics is linked to increased polyglutamylation of microtu-

bules, which stabilizes microtubules to counteract microtubule-destabilizing agents (Sangrajrang et al.,

1998). Similarly, STAT3-stathmin interactions control microtubule dynamics in migrating T-cells (Verma

et al., 2009).

Our data indicate associative relationships between IL-6 signaling, STAT3-stathmin protein interactions

and poly-glutamylation of tubulin that mediate microtubule stability. What we do not yet understand is

the temporal relationship between thesemechanistic elements. Our in vitro data suggest rapidmodulation

of microtubule stability that supports an early, functional response mediated at the protein level. IL-6-

dependent changes in MAP2 localization and polyglutamylation of tubulin mirror one another, suggesting

a mechanistic link between these two modalities of microtubule structure. However, it is unclear whether

Figure 8. Continued

(D) Scholl intersection profile (SIP) quantified as themean area under the curve (AUC) for each condition. Asterisk = p<0.001, as compared to vehicle, 1ng/mL

rIL-6 and 1ng/mL rIL-6 + 1mM colchicine. Error bars = standard deviation. nR5 RGCs per condition.

(E) Quantification of the maximum number of intersections depicted as the mean G standard deviation. nR5 RGCs per condition. Error bars = standard

deviation.

(F) Quantification of the radius distance at which the maximum number of intersections occurred depicted as meanG standard deviation. Asterisk = p<0.05,

as compared to vehicle, 1ng/mL rIL-6 and 1ng/mL rIL-6 + 1mM colchicine. nR5 RGCs per condition. Error bars = 95% confidence interval.
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MAP2 trafficking to axons is dependent on polyglutamylation of tubulin or vice versa. Similarly, it is possible

that MAP2 and polyglutamylation pathways share a common mediator also impacted by STAT3-stathmin

interactions and IL-6 signaling. In any case, our in vitro data indicate that IL-6 signaling and downstream

effectors intrinsic to RGCs themselves are sufficient to modulate microtubule stability.

Our data elucidate a role for IL-6 in mediatingmicrotubule dynamics via STAT3 protein-protein interactions

with MAPs that are further associated with poly-glutamylation of tubulin. STAT3-stathmin interactions and

polyglutamylation of tubulin are both associated with stabilization of microtubules in malignant cells and

STAT3-stathmin interactions mediate microtubule dynamics in migrating T cells. Our data suggest that

these interactions perform a similar role and are IL-6-dependent in healthy RGC axons. These data provide

a novel mechanism for neuropoietic activities of IL-6 related to axon development, regeneration and repair.

Limitations of the study

The primary limitations of our study are two-fold. First, the low molecular weight and relative low abun-

dance of stathmin presented a challenge for resolution of the protein by SDS-PAGE. While we were

able to overcome this technical hurdle in whole protein samples, it proved insurmountable for bidirectional

co-IP, even in porcine optic nerve. This is likely due to both the resolution of low molecular weight and the

low protein abundance, which is reduced even further by affinity-based approaches, such as co-IP. To offset

this limitation, we demonstrated interaction via two methods, co-IP and PLA, and in two different species,

mouse and swine. Second, our intention was to present co-IP validation of disruptions in STAT3 and stath-

min interactions in optic nerve from bothWT and IL-6�/�mice. Our colony of IL-6�/�mice was lost during

COVID prior to completion of the co-IP experiments. Unfortunately, the live repository of IL-6�/�mice at

Jackson Laboratories was transitioned to a C57Bl/6 background. The time and financial cost of either

cryorecovery for the IL-6�/� background or repetition of our experiments for consistency of genetic

background were beyond our capacity. Future studies could be performed to validate dependency of

STAT-stathmin interactions on IL-6 signaling, utilizing the new IL-6�/� strain or an alternative perturbation

of IL-6 signaling.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

polyclonal mouse anti-CD44 IgG Abcam RRID:AB_2847859

monoclonal mouse anti-Thy1.1/CD90 IgG BD Pharmingen RRID:AB_395586

goat anti-mouse IgG microbead-conjugated Miltenyi Biotec RRID:AB_244360

rat anti-mouse IgG1 microbead-conjugated Miltenyi Biotec RRID:AB_244354

anti-Brn3a (C-20) antibody Santa Cruz RRID:AB_2167511

anti-tubulin III antibody BioLegend RRID:AB_2566588

monoclonal Anti-beta-Tubulin III antibody Sigma-Aldrich RRID:AB_477590

monoclonal anti-tubulin, polyglutamylated (GT335) Sigma-Aldrich RRID:AB_477598

alpha-tubulin Antibody Cell Signaling Technology RRID:AB_2210548

Phalloidin-TRITC antibody Sigma-Aldrich RRID:AB_2315148

beta actin monoclonal antibody (AC-15) ThermoFisher Scientific RRID:AB_2536382

neurofilament, phosphorylated (SMI-31) Monoclonal Covance RRID:AB_10122491

anti-estrogen-related receptor beta antibody Sigma-Aldrich RRID:AB_262049

caveolin-1 (N-20) antibody Santa Cruz RRID:AB_2072042

anti-stathmin antibody, unconjugated Cell Signaling Technology RRID:AB_330234

rabbit anti-stathmin 1 antibody (SS0453) Novus Biologicals Cat#: NBP2-67169

MAP2 antibody [HM-2] Abcam RRID:AB_297885

Stat3 (79D7) rabbit mAb antibody Cell Signaling Technology RRID:AB_331269

STAT3 antibody [9D8] Abcam RRID:AB_10901752

mouse anti-STAT3 antibody (9D8) Novus Biologicals Cat#: NBP2-22471

rabbit anti-GAPDH monoclonal antibody, unconjugated, Clone

14C10

Cell Signaling Technology RRID:AB_561053

GAPDH antibody [6C5] Abcam RRID:AB_2107448

Rat IL-6 Affinity Purified Polyclonal Ab antibody R&D Systems RRID:AB_355398

Alexa Fluor 488-AffiniPure Fab Fragment Donkey Anti-Mouse IgG

(H+L) antibody

Jackson ImmunoResearch RRID:AB_2340851

Alexa Fluor 488-AffiniPure Fab Fragment Donkey Anti-Rabbit IgG

(H+L) antibody

Jackson ImmunoResearch RRID:AB_2340620

Alexa Fluor 647 AffiniPure Fab Fragment Donkey Anti-Mouse

IgG (H+L)

Jackson ImmunoResearch Cat # 715-607-703

Alexa Fluor 647 AffiniPure Fab Fragment Donkey Anti-Rabbit

IgG (H+L)

Jackson ImmunoResearch Cat # 711-607-703

Rhodamine Red-X-AffiniPure Fab Fragment Donkey Anti-Mouse

IgG (H+L) antibody

Jackson ImmunoResearch RRID:AB_2340836

Rhodamine Red-X-AffiniPure Fab Fragment Donkey Anti-Rabbit

IgG (H+L) antibody

Jackson ImmunoResearch RRID:AB_2340615

IRDye 800CW Donkey anti-Rabbit IgG antibody LiCor Biosciences RRID:AB_2715510

IRDye 680RD Donkey anti-Mouse IgG antibody LiCor Biosciences RRID:AB_2814912

Biological samples

Porcine Optic Nerve Donated by Dr. James Jordan, Wake Forest

School of Medicine

N/A

(Continued on next page)

ll
OPEN ACCESS

18 iScience 24, 103141, October 22, 2021

iScience
Article



RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Rebecca Sappington, Ph.D (rsapping@wakehealth.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d RNA sequencing data have been deposited at GEO and are publicly available as of the date of publica-

tion. Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Animals

All experiments complied with the ARVO statement for the use of animals in ophthalmic and vision research

and were approved by the IACUC committees of Vanderbilt University Medical Center and Atrium Health

Wake Forest Baptist.

Mice. Adult (2-3mo) male and female IL-6�/� mice (B6.129S2-IL6tm1kopf/J; RRID:IMSR_JAX:002650; The

Jackson Laboratory) and respective genomic controls (B6129SF2/J; RRID:IMSR_JAX:101045; The Jackson

Laboratory) were used for all experiments. For experiments utilizing neonates, day of birth was designated

P0. Mice were housed in accordance with NIH guidelines and maintained on a 12hr light/dark cycle with ad

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

cholera toxin subunit beta, Alexa Fluor conjugate Life Technologies Cat# C22841 and C22842

wheat germ agglutinin, Alexa Fluor conjugate Life Technologies Cat# W11261 and W11262

protein A superparamagnetic beads Bio-Rad Cat# 161-4013

Recombinant rat IL-6 protein R&D Systems Cat# 506-RL-050

Colchicine Sigma-Aldrich Cat# C9754

Critical commercial assays

Duolink�in situ red starter kit Sigma-Aldrich Cat# DUO92101

SureBeads magnetic rack for IP Bio-Rad Cat# 1614813

Deposited data

RNAseq data from WT versus IL-6-/- whole retina This paper GEO: GSE116916

Experimental models: Organisms/strain

Mouse: IL-6-/-: B6.129S2-IL6tm1kopf/J The Jackson Laboratory RRID:IMSR_JAX:002650

Mouse: WT: B6129SF2/J The Jackson Laboratory RRID:IMSR_JAX:101045

Rat: Sprague Dawley (for primary cell culture) Charles River Cat# Crl:SD

Software and algorithms

SigmaPlot Systat Software, Inc. RRID:SCR_003210

SigmaStat Systat Software, Inc. RRID:SCR_010285

Fiji N/A RRID:SCR_002285

ImageJ N/A RRID:SCR_003070
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libitum access to standard mouse chow and water. Littermates were randomly assigned to experimental

groups.

Swine. Porcine optic nerve tissue was donated by Dr. James Jordan in the Department of Surgical Sci-

ences – Cardiothoracic Surgery at Wake Forest School of Medicine.

Primary cell culture

Isolation of RGCs was carried out as previously described (Fischer et al., 2018, 2019). Eyes (n R 16/prepa-

ration) from postnatal day 2 to 4 Sprague-Dawley rats (Cat# Crl:SD; Charles River) were enucleated, retinas

were dissected from each and stored on ice in Dulbecco modified Eagle medium plus 5% glucose (DMEM/

glu; Gibco, Carlsbad, CA). Tissue was dissociated first by lightly vortexing for 10 seconds, and then by

centrifugation (70xg for 6 min at 4�C). Retinas were triturated by pipetting and incubated for 15 min at

37�C in 1 mg/mL papain (Worthington, Lakewood, NJ) and 0.01% DNase I in Earle’s Balanced Salt Solution.

RGCs were purified by immunomagnetic separation, as previously described (Fischer et al., 2018, 2019).

Briefly, to first remove Müller glia, the cell suspension was centrifuged (4�C at 250xg) and re-suspended

in DMEM/Glu with a polyclonal mouse anti-CD44 IgG (4mg/mL, Cat#: ab157107; RRID:AB_2847859;

Abcam). The suspension was incubated on ice for 10 min while shaking, before centrifugation (4�C at

250xg) and incubation on ice for 15 min, shaking, with anti-mouse IgG secondary antibody conjugated

tomagnetic microbeads (Cat# 130-048-401; RRID:AB_244360; Miltenyi Biotec, Auburn CA). The suspension

was then loaded into a pre-equilibrated column in the presence of a magnetic field (Miltenyi Biotec). To

isolate RGCs, the remaining cell suspension was incubated with monoclonal mouse anti-Thy1.1/CD90

IgG (5mg/mL; Cat#. 554895; RRID:AB_395586; BD Biosciences, San Diego CA) on ice, while shaking for

10 min, and then for 15 min on ice, shaking, with anti-mouse IgG1 secondary antibody conjugated to mag-

netic microbeads (IgG; Cat# 130-047-101; RRID:AB_244354; Miltenyi Biotec) and passed through a column

in a magnetic field. The resulting Thy1.1/CD90-positive cells were plated into eight-chamber glass slides

coated with laminin (0.01 mg/mL; Sigma) and grown in serum-free, B27-supplemented medium (Neuro-

Basal; Gibco). The growth medium also contained 2 mM glutamine, 0.1% genomycin, 1% N2 supplement

(insulin 500 mg/mL; transferrin 10 mg/mL; progesterone 630 ng/mL; putrescine 1.6 mg/mL and selenite

520 ng/mL; Gibco), 50 ng/mL brain-derived neurotrophic factor (Invitrogen, Carlsbad, CA), 20 ng/mL ciliary

neurotrophic factor (Invitrogen), 10 ng/mL bFGF (Invitrogen), and 100 mM inosine (Sigma). Before experi-

ments, RGCs were maintained with the medium described above in a standard incubator containing 5%

CO2 until homeostasis was reached, as determined by neurite outgrowth and a stable level of viability

(4 - 5 days).

METHOD DETAILS

Tissue preparation

For histological assays, mice were sacrificed by transcardial perfusion of 100ml of 1X PBS followed by 100ml

of 4% PFA. Eyes, optic nerve and brain were processed as previously described (Echevarria et al., 2017;

Fischer et al., 2019). For semi-thin and ultra-thin sectioning, optic nerves were post-fixed in 2.5% glutaral-

dehyde prior to epon embedding, as previously described (Sappington et al., 2003; Echevarria et al., 2017).

For assays requiring fresh tissue, mice were sacrificed by cervical dislocation followed by decapitation. Eyes

were enucleated and snap frozen on dry ice and stored at -80�C until use. Porcine optic nerve was obtained

as fresh tissue at time of sacrifice by overdose and exsanguination. For histological studies, optic nerves

were preserved by immersion fixation in 4% PFA at 4�C. For Western blot and Co-IP studies, optic nerves

were flash frozen and stored at -80�C until use.

Anterograde axon transport measurements

Anterograde axonal transport capabilities of RGCs were assessed with CTB and WGA conjugated to a flu-

orophore, both established markers for active uptake and transport in the optic projection (Crish et al.,

2010; Fernandez et al., 2012; Wong and Brown, 2012; Echevarria et al., 2017; Fischer et al., 2019). Briefly,

mice were given a 1.5–2 ml intravitreal injection of CTB (10ug/ml in sterile PBS; Cat# C22841 and C22842;

Life Technologies) or WGA (20ug/ml in sterile PBS; Cat# W11261 and W11262; Life Technologies) using a

33 gauge needle attached to a Hamilton syringe under 2.5% isoflurane anesthesia. 3 days after CTB/

WGA injection, mice were sacrificed by transcardial perfusion as described above. Quantification of

CTB/WGA signal in the SC and construction of retinotopic maps was done as previously described (Crish

et al., 2010; Formichella et al., 2014; Echevarria et al., 2017; Duncan et al., 2018). Intact transport was defined
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as percent area with CTB/WGA signalR70% density. Creation and quantification of 2D retinotopic map of

ERRb staining within the SC was done in a similar fashion. For experiments studying delayed CTB or WGA

transport, mice were sacrificed 5 days after CTB/WGA injection. To confirm uniform CTB/WGA exposure to

RGCs, a subset of whole-mount retinas were imaged en montage at 20X using confocal microscopy. For

3-day CTB tracing, n=12 (WT) and n=9 (IL-6-/-) superior colliculi. For 5-day CTB tracing, n=8 (IL-6-/-)

superior colliculi. For 3-day WGA tracing, n=5 (WT) superior colliculi and n=10 (IL-6-/-) superior colliculi.

For 5-day WGA tracing, n=7 (IL-6-/-) superior colliculi. Superior colliculi were excluded from analyses for

poor injection, as confirmed by assessment of the retina and globe for successful tracer injection.

Immunohistochemistry

Labeling of whole-mount retinas, retinal cryosections, optic projections, floating brain sections and primary

retinal ganglion cells were done as previously described (Echevarria et al., 2017; Duncan et al., 2018; Fischer

et al., 2019). We used primary antibodies against Brn3a (1:50; Cat# sc-31984; RRID:AB_2167511; Santa Cruz)

to visualize RGCs, b-Tubulin III (TUJ1, 1:500; Cat# 845501; RRID:AB_2566588; BioLegend), anti-a-tubulin

(1:500; Cat# 2144S; RRID:AB_2210548; Cell Signaling Technologies), SMI-31 (1:1000; cat# SMI-31R-100; RRI-

D:AB_10122491; Covance) and Phalloidin (actin, 1:50; Cat# P1951; RRID:AB_2315148; Sigma-Aldrich) to

visualize RGCs and their axons or neurons in the brain, ERRb (1:500; Cat# E0156; RRID:AB_262049;

Sigma-Aldrich) to label RGC synaptic terminals in the SC, Cav-1 (1:250; Cat# sc-894; RRID:AB_2072042;

Santa Cruz) to highlight Cav-1 localization in the retina and stathmin-1 (1:500; cat #3352; RRID:AB_330234;

Cell Signaling Technologies), anti-MAP2 (1:500; Cat# ab11267; RRID:AB_297885; Abcam), and anti-GT335

(1:1000; Cat# T9822; RRID:AB_477598; Sigma-Aldrich) to highlight microtubule posttranslational changes

andMAPs in axons. To visualize STAT3 in cells and tissue we used anti-mouse STAT3 (1:500; cat # ab119352;

RRID:AB_10901752; Abcam). Secondary antibodies, if applicable, were used at a concentration of 1:200

and consisted of donkey anti-host species IgG conjugated to Alexa 488 (Cat # 715-547-003; RRID:A-

B_2340851or Cat # 711-547-003; RRID:AB_2340620; Jackson ImmunoResearch), Alexa 647 (Cat # 715-

607-703; or Cat # 711-607-703; Jackson ImmunoResearch) or Rhodamine Red (Cat # 715-297-003; RRI-

D:AB_2340836 or Cat # 711-297-003; RRID:AB_2340615; Jackson ImmunoResearch).

Epon embedding and electron microscopy

Epon embedding for semi-thin and ultra-thin sections was performed, as previously described (Sappington

et al., 2003; Echevarria et al., 2017). Briefly, optic nerve segments were rinsed in cacodylate buffer and post-

fixed in 1% osmium (OsO4) in cacodylate buffer for 30 minutes. Segments were then rinsed in cacodylate

buffer, dehydrated in graded alcohol solutions, and embedded in Epon-Araldite. For semithin sections

(700 nm), cross-sections of optic nerve near the chiasm were stained with 1% p-Phenylenediamine (PPD)

and 1% toluidine blue to highlight myelin and glia, respectively (Echevarria et al., 2017). For electron micro-

scopy, serial ultrathin sections were cut at 70 nm and photographed at 67000X resolution on a transmission

electron microscope (Philips CM-12, 120 keV, Hillsboro, OR) in the Vanderbilt Cell Imaging Shared

Resource.

RNA-Seq

Whole, intact retina was dissected from WT (n = 5) and IL-6-/- (n = 5) mice following sacrifice. Immediately

following dissection, RNA was extracted from retina using TRIzol (Invitrogen, Cat# 15596026) and treated

with deoxyribonuclease (DNase) I (Worthington, Cat# LS006333). Experiments were performed through the

Vanderbilt Technologies for Advanced Genomics core at Vanderbilt University Medical Center. DNase-

treated total RNA quality was assessed using the 2100 Bioanalyzer (Agilent Technologies). Samples with

integrity values greater than 6 were used to generate polyA (mRNA)-enriched libraries, using stranded

mRNA sample kits with indexed adaptors (New England BioLabs, Ipswich, MA). Library quality was as-

sessed using the 2100 Bioanalyzer (Agilent Technologies) and libraries were quantitated using KAPA

Library Quantification Kits (KAPA Biosystems, Wilmington, MA). Pooled libraries were subjected to

100bp paired-end sequencing according to the manufacturer’s protocol (Illumina NovaSeq6000).

Bcl2fastq2 Conversion Software (Illumina, San Diego, CA) was used to generate de-multiplexed Fastq files.

Analysis of RNAseq results was performed through the Vanderbilt Technologies for Advanced Genomics

Analysis and Research Design core at Vanderbilt University. Reads were aligned to the GENCODE

GRCm38.p5 genome using STAR v2.5.3a. GENCODE vM12 gene annotations were provided to STAR to

improve the accuracy of mapping. Quality control on raw reads was performed using FastQC.

FeatureCounts v1.15.2 was used to count the number of mapped reads to each gene. Significantly differ-

ential expressed genes with adjusted p-value <0.05 and absolute fold change >2were detected by DESeq2
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v1.14. Data are reported as fold change (log scale) between WT and IL-6-/- retina. Data have been

deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO series accession number

GEO: GSE116916.

Proximity ligation assay

PLA assays in fixed tissue and fixed primary RGCs were carried out using the Duolink�in situ red starter kit

(Cat #DUO92101, Sigma-Aldrich), using manufacturers protocols. Briefly, samples were first permeabilized

with PBS + Triton X-100 0.4% for 10 min. The samples were then incubated with blocking solution for 30 min

at 37�C and then with the primary antibodies for 1 hr at room temperature. Primary antibody concentrations

used were: anti-STAT3 (1:500; cat #ab119352; RRID:AB_10901752; Abcam), anti-Stathmin-1 (1:500; cat

#3352; RRID:AB_330234; Cell Signaling Technologies), anti-MAP2 (1:500; cat# ab11267; RRID:AB_297885;

Abcam) and anti-b-tubulin (1:500; Cat# 801201; RRID:AB_2566588; BioLegend). Samples were washed

twice for 5 min with buffer A, followed by incubation with the PLA probes in antibody diluent for 60 min

at 37�C. After two washes of 5 min with buffer A, the ligation step was performed with ligase diluted in liga-

tion stock for 30 min at 37�C. The samples were washed with buffer A twice for 2 min before incubation for

100 min with amplification stock solution at 37�C. Finally, samples were washed with 1x PBS and mounted

with Duolink in situ mounting medium containing DAPI. For each experiment, a negative control experi-

ment was performed where only one primary antibody was incubated with the PLA probes.

Immunoblotting

To extract whole protein from mouse retina, mouse optic nerve and pig optic nerve, we sonicated tissue in

RIPA lysis buffer containing: 50mM Tris HCl, pH 7.2, 150nMNaCl, 1% NP-40, 1x Halt Protease and Phospha-

tase Inhibitor Cocktail (Cat# 78440; Thermo Scientific), and ddH20. Protein was collected as the superna-

tant following 10 min centrifugation (10,000rpm) at 4�C. The concentration of total protein was determined

by BCA protein assay, as per manufacturer’s instructions (Cat# 23225; Thermo Scientific). For mice, retina

and optic nerves were pooled from 2 animals in each sample. Three samples were run per blot. For swine,

protein was extracted from n = 12 optic nerves collected from n = 7 individual swine. Multiple samples were

generated from each optic nerve for analysis across multiple Western blots. A total of n = 24 samples were

run for Western blotting. Immunoblotting of whole protein lysates from retina and optic nerve was per-

formed, as previously described (Duncan et al., 2017). For each Western blot, 20-30mg of protein in

RIPA-Laemmli buffer with b-mercaptoethanol and loading buffer was loaded per lane. The following

primary antibodies were used: anti-rabbit Cav-1 (1:250; Cat# sc-894; RRID:AB_2072042; Santa Cruz), anti-

mouse b-actin (1:1000; Cat# AM4302; RRID:AB_2536382; ThermoFisher Scientific), mouse anti-b-tubulin

(1:1000; Cat# T8660; RRID:AB_477590; Sigma-Aldrich), rabbit anti-a-tubulin (1:1000; Cat# 2144S;

RRID:AB_2210548; Cell Signaling Technologies), anti-MAP2 (1:500; cat# ab11267; Cat# ab11267;

RRID:AB_297885; Abcam), anti-GT335 (1:1000; Cat# T9822; RRID:AB_477598; Sigma-Aldrich), rabbit anti-

or mouse anti- GAPDH (1:5000; Cat# 2118; RRID:AB_561053; Cell Signaling Technology; 1:5000; Cat#

ab8245; RRID:AB_2107448; Abcam), mouse anti- or rabbit anti-STAT3 (1:1000; Cat# NBP2-22471, Novus

Biologicals, Centennial, CO; 1:1000; Cat# 4904S; RRID:AB_331269; Cell Signaling Technology, Boston,

MA), rabbit anti-stathmin (1:1000; cat# NBP2-67169; Novus Biologicals). Secondary antibodies utilized

were donkey anti-mouse IRDye 680RD (1:1000; Cat# 925-68072; RRID:AB_2814912; Li-Cor) and donkey

anti-rabbit IRDye 800CW (1:1000; Cat# 925-32213; RRID:AB_2715510; Li-Cor, Lincoln, NE). Molecular

weight was determined by protein blotting standards (Cat# 1610376, Bio-rad, Hercules, CA). Bands were

detected using the Odyssey Infared Imaging System (Li-Cor).

Co-Immunoprecipitation

Porcine optic nerve (n = 12 from 7 individual pigs) was cut into small pieces with a scalpel and placed in IP

solution containing: Pierce IP Lysis Buffer (10ml/mg tissue; Thermo Scientific, #87787), 1x Halt Protease and

Phosphatase Inhibitor Cocktail (cat# 78440, Thermo Scientific), and 1x EDTA Solution (Thermo Scientific

#78440, 100x stock of each). Samples were homogenized by mortar and pestle (VWR 47747-366) followed

by centrifugation (10,000 rpm) for 10 min at 40�C. The supernatant (whole protein) was removed and the

concentration of protein determined by BCA protein assay, as per manufacturer’s instructions (Cat#

23225; Thermo Scientific). Co-IP was conducted using the SureBeads magnetic system (Cat# 1614813;

Bio-Rad). Prior to conjugation with stathmin antibody, protein A superparamagnetic beads (Bio-Rad #

161-4013) were magnetized and washed three times in 1ml PBS-T (1x PBS +0.1% Tween 20). For conjuga-

tion, rabbit anti-stathmin IgG (1:1000; Cat# NBP2-67169, Novus) was added to 100ml prepared protein

A superparamagnetic beads and incubated for 20 minutes at room temperature. Conjugated beads and
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antibody were collected by centrifugation, the beads weremagnetized and the supernatant was discarded.

Beads were re-magnetized and washed with PBS-T three times. Beads were then incubated with 300mg of

the protein lysate from porcine optic nerve for 1 hour at room temperature. Sample and beads were

collected by centrifugation, the beads were magnetized and the supernatant was discarded. Beads

were re-magnetized and washed with PBS-T two times with a final wash in PBS only. All supernatants

were discarded. Co-IP sample was eluted by a 10-minute incubation in 1x Laemmli buffer (cat# 1610747,

Bio-rad) at 70�C followed by quick centrifugation. The resulting supernatant (Co-IP sample) was transferred

to a new tube and processed for Western blotting against STAT3, as described above. The total number of

Co-IP samples processed was n = 27.

Recombinant IL-6treatment. Primary RGC cultures (nR4) were treated with either 10ng/ml or 1ng/ml re-

combinant rat IL-6 (1mg/ml; Cat # 506-RL-050, R&D Systems, Minneapolis, MN), as previously described (Sap-

pington et al., 2006). Concentrations of 10ng/ml and 1ng/ml were selected based on previously published

studies (Sappington et al., 2006; Fernando et al., 2014; Baran et al., 2018). Vehicle treatment consisted of an

equivalent volume of culture media and carrier protein volume (0.1% BSA). To confirm that outcomes altered

by recombinant IL-6 treatment were attributable directly to this treatment, we inhibited IL-6 activity with

10ng/ml IL-6 neutralizing antibody (ND50 = 0.03–0.09mg/mL; Cat# AF506; RRID:AB_355398; R&D Systems),

as previously described (Sappington et al., 2006). Following 4 days of treatment with RGC cultures, cells were

fixed with 4% PFA and processed for either immunocytochemistry or proximity ligation assay.

Colchicine treatment. Primary RGC cultures (nR4) were pre-treated for 1 hour with either vehicle, re-

combinant rat IL-6 (1ng/ml) or recombinant rat IL-6 (1ng/ml) plus neutralizing antibody (10ng/ml), as out-

lined above. Following IL-6 and antibody pre-treatments, RGC cultures were exposed to 1mM colchicine

(Cat# C9754;Sigma-Aldrich) for 1 hour. The concentration of colchicine was determined by previous studies

examining microtubule destabilization and long-term activities of colchicine (Gibbs et al., 1980; Emons

et al., 1990). After 2 hours of total treatment time, cultures were fixed and immunolabeled with antibodies

against b-tubulin, as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of RGC soma and axons

For RGC density, 5-7 pseudo-random z-stack images were taken throughout the mid –peripheral/mid-cen-

tral retina (n=3/genotype) at 60X using an Olympus confocal microscope, as previously described (Duncan

et al., 2018). TUJ1/SMI31 dual positive RGCs were counted from each image and divided by the area of the

counting field (0.101mm2) to get RGC density. Semi-thin sections of optic nerve were imaged en montage

at 100x magnification on an upright Olympus (Melville, NY) microscope. Total axon diameter (myelin

sheath + axon) and inner axon diameter (axon only) was measured, using NIS-Elements AR. Myelin thick-

ness was calculated as total axon diameter minus inner axon diameter divided by 2. The gRatio was calcu-

lated as the inner axon diameter divided by the total axon diameter. In each nerve, 35 axons were

measured. For WT mice, 8 nerves from 7 animals were analyzed (280 total measurements). For IL-6-/-

mice, 9 nerves from 9 animals were analyzed (315 total measurements).

Protein concentration

For semi-quantitative measurement of protein expression, protein bands in western blots were subjected

to densitometry analysis (Odyssey Application Software V3.0; Li-Cor) and normalized to densitometry of

b-actin or GAPDH. All samples used for densitometry analysis were run on the same gel and transferred

to the same nitrocellulose membrane.

PLAsignal intensity

In primary RGC cultures (n = 4 - 6), PLA signal in neurites was quantified as integrated density of fluores-

cence, using ImageJ (RRID:SCR_003070). To measure changes in PLA signal in neurites specifically,

soma were manually traced and masked for measurement and calculation of integrated density.

Scholl analysis

Sholl analysis was carried out on RGC cultures receiving colchicine experimentation, using Scholl analysis

software in Fiji (RRID:SCR_002285), as previously described (Schindelin et al., 2012; Ferreira et al., 2014; Bird

and Cuntz, 2019). Briefly, from each 40X confocal image, a single RGC was identified. The RGC soma and
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processes were traced in Fiji (RRID:SCR_002285) using the pencil tool. The image format was adjusted to

8-bit to create a black and white image, and then the threshold of the image was altered to create a binary

image, showing the cell soma and processes only. The center of the cell soma was identified using a point

marker and Scholl analysis carried out in Fiji (RRID:SCR_002285), using 5mm concentric rings radiating from

the cell soma. The number of intersections of neurites was determined at each concentric ring by the Scholl

analysis software. Data from nR5 RGCs per condition was plotted in SigmaPlot (versions 11.1 and 13.0;

RRID:SCR_003210).

Statistics

Statistical analysis were done using SigmaPlot with SigmaStat (versions 11.1 and 13.0; RRID:SCR_003210

and RRID:SCR_010285). For two independent variables that passed normality and equal variance tests,

we determined statistical significance with a two-sided t-test. For two variables arising from the same sam-

ple (i.e. Western blotting), we assess normality by the Shapiro-Wilk method and determined statistical sig-

nificance with a paired t-test. For datasets that did not meet normality (Shapiro-Wilk) and/or equal variance

(Brown-Forsythe) requirements, we utilized a Mann-Whitney Rank Sum Test. For multiple variable compar-

isons, we performed a one-way analysis of variance with pairwise comparison by the Holm-Sidak method.

For multiple variable comparisons that did not meet normality (Shapiro-Wilk) and/or equal variance

(Brown-Forsythe) requirements, we performed a Kruskal-Wallis one-way analysis of variance on ranks fol-

lowed by pairwise comparisons with Dunn’s Method. Post hoc p values less than 0.05 were considered sta-

tistically significant. Number of measurements and specific p-values are indicated in results or figure

legends.
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