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Guanabenz modulates
microglia and macrophages
during demyelination

Kaitlyn Koenig Thompson & Stella E. Tsirka™*

Multiple sclerosis (MS) is an autoimmune disease characterized by infiltration of peripheral immune
cells into the central nervous system, demyelination, and neuronal damage. There is no cure for

MS, but available disease-modifying therapies can lessen severity and delay progression. However,
current therapies are suboptimal due to adverse effects. Here, we investigate how the FDA-approved
antihypertensive drug, guanabenz, which has a favorable safety profile and was recently reported

to enhance oligodendrocyte survival, exerts effects on immune cells, specifically microglia and
macrophages. We first employed the experimental autoimmune encephalomyelitis (EAE) model and
observed pronounced immunomodulation evident by a reduction in pro-inflammatory microglia and
macrophages. When guanabenz was administered in the cuprizone model, in which demyelination

is less dependent upon immune cells, we did not observe improvements in remyelination,
oligodendrocyte numbers, and effects on microglial activation were less dramatic. Thus, guanabenz
may be a promising therapeutic to minimize inflammation without exerting severe off-target effects.

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS), affecting approximately
2.5 million people worldwide". Symptoms, such as motor dysfunction and fatigue, arise from the formation of
lesions in the brain and/or spinal cord. Lesions are typically multifocal and comprised of inflammation, demy-
elination, blood-brain barrier breakdown and peripheral immune cell infiltration, loss of oligodendrocytes, and
axonal degeneration®®.

There is currently no cure for MS, however, there are several FDA-approved disease-modifying therapies
(DMTs) that decrease relapse rate and delay disease progression. These therapies are immunomodulatory in
nature and minimize CNS inflammation through various mechanisms ranging from general immunosuppression
to targeted prevention of immune cell infiltration into the CNS*. Approved DMTs are not without limitations.
Adverse effects can severely impact patients’ quality of life or be life-threatening themselves. Further, these
therapies have varying efficacies patient-to-patient and none of the approved agents are able to reverse or halt
disease progression’. Therefore, there remains a critical need to characterize new immunomodulatory drugs
with fewer side effects as well as therapies that address repair mechanisms.

A recent study found that guanabenz (2,6-dichlorobenzylidene amino guanidine; Gz), an FDA-approved anti-
hypertensive, has the potential to be repurposed as an MS repair drug as it enhances the integrated stress response
(ISR), promoting oligodendrocyte survival in experimental autoimmune encephalomyelitis (EAE), an animal
model of MS®. Some immunomodulatory effects were also observed, with fewer immune cells present in the spi-
nal cord of EAE animals administered Gz daily®. There have since been reports that Gz exerts anti-inflammatory
activity in other pathological settings such as latent Toxoplasma gondii infection’, p-Galactosamine/LPS-induced
liver damage®, and a toxin-induced model of systemic lupus erythematosus (SLE)®. In vitro work has demon-
strated that Gz directly downregulates pro-inflammatory genes in LPS-stimulated primary macrophages and
dendritic cells®!°. Taken together, it is possible that Gz exerts anti-inflammatory effects to a greater extent than
previously investigated in models of MS. This agent would be an excellent candidate as a new immunomodula-
tory agent since it exhibits minor side effects, especially in comparison to current immunosuppressive therapies.

Here, we focus on Gz-mediated immunomodulation of microglia and macrophages in two models of MS: EAE
and cuprizone-induced demyelination. Microglia, the CNS-resident innate immune cells, play a key role in the
pathogenesis of MS and their activation is considered a hallmark of the disease!"'2. The EAE model, in particular,
has been instrumental in shaping our understanding of microglia’s diverse roles within the inflamed CNS. There
is evidence that microglia act as a driver of MS pathology: ablation of microglia suppresses EAE development!>!*
and microglia in plaque regions of human brain samples express high levels of major histocompatibility class
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Figure 1. Therapeutic treatment with Gz attenuates EAE. MOG-EAE was induced in C57BL/6 female mice on
Day 0 by subcutaneous injection of MOGg;;.s5 in CFA and intraperitoneal injection of pertussis toxin on Days

0 and 2. Fourteen days post-MOG immunization, mini-osmotic pumps containing Gz (3 mg/kg/day) were
implanted subcutaneously in the backs in a random subset of mice. Disease score was assessed blindly daily and
animals were euthanized on Day 21 or Day 28 for histological analysis (a). Peak score indicates the highest score
achieved by mice at time points after drug pump insertion (b). Area under the curve was calculated to measure
overall illness throughout the course of the disease (c). Data are mean + SEM. n= 14 control, 16 Gz-treated (DO-
21), n=4 (D21-28); Significantly (*p <0.05, **p <0.001) different from control.

I1 (MHC II) molecules, suggestive of active antigen presentation to pathogenic T cells*-'”. Blood-derived mac-
rophages also enter the CNS due to compromised blood-brain barrier integrity in MS. Macrophages take on
many of the same roles as microglia, however, some studies suggest that these infiltrating peripheral cells are
more pathogenic in MS/EAE compared to resident microglia'®'®. Understanding how Gz affects these two major
cellular drivers of neuroinflammation is important to elucidate if this drug is to become clinically relevant for
neurodegenerative and/or autoimmune diseases.

Results

Therapeutic Gz attenuates EAE symptoms. We first employed Gz in EAE models to investigate its
potential to dampen inflammation within the CNS, since it has been shown to exert anti-inflammatory effects in
other contexts’°. Monophasic EAE was induced in 8-10-week-old female C57BL/6 mice using MOG;s_s5, and
motor dysfunction was assessed daily using a disease score measure of 0 (no deficits) through 5 (death). Mini-
osmotic pumps containing Gz were implanted subcutaneously on Day 14 post-MOG immunization to model
a therapeutic timeline, where mice received constant infusion of the drug (3.0 mg/kg/day). Here, we observed
that Gz dynamically attenuated EAE, reducing disease scores significantly at the peak of symptoms (Fig. 1a,b).
Quantification of the area under the curve (AUC) indicated less overall behavioral signs throughout the course
of the disease in Gz-treated mice (Fig. 1c). The effectiveness of Gz was also evaluated in the relapsing-remitting
EAE model induced using PLP, 3,5, immunization. Gz infusion was initiated at Day 21 post-PLP immunization,
as mice were recovering from an initial peak in symptoms. This proof-of-concept experiment suggests that Gz-
infused animals exhibited less severe relapses (Figure S1).

Therapeutic Gz reduces demyelination. The extent of demyelination was evaluated in the lumbar spi-
nal cord after 7 (Day 21 post-EAE onset) and 14 (Day 28 post-EAE onset) days of therapeutic Gz infusion. Eri-
ochrome cyanine (EC) staining (Fig. 2a) revealed a significant reduction in percent demyelination at both time
points over the course of the disease (Fig. 2b). This is consistent with a previous report that initiated daily i.p.
injections of Gz 7-days post MOG-immunization and observed a reduction in demyelination®. Way et al. attrib-
uted the reduced demyelination upon daily Gz injections to an improvement in oligodendrocyte survival in the
inflamed CNS. This finding is also consistent with our results when we visualized mature oligodendrocytes in
the ventral white matter areas where demyelination is observed (as indicated in Fig. 2a) with the marker GST-n
(Fig. 2¢,d).

Gz alters microglia/macrophage numbers in EAE. For broad evaluation of microglia/macrophage
activation in untreated and Gz-treated EAE animals, Ibal immunostaining was performed on lumbar spinal
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Figure 2. Gz reduces demyelination over the course of MOG-EAE. Lumbar spinal cord was isolated from
control or Gz-treated mice at Day 21 or 28 post-induction of EAE. Frozen 20 pm sections previously stored on
slides were stained with eriochrome cyanine (EC) to visualize myelin. Myelinated regions of white matter stain
blue, whereas demyelinated regions are recognized by diminished color (shown in insets). Images of full coronal
sections are shown in (a). Scale bar: 500 um. Demyelinated areas were measured using thresholding in Image]
and quantified as percent demyelination in (b). To visualize oligodendrocytes in the ventral white matter, where
demyelination was evident, immunostaining for GSTm (green) was performed. Cell nuclei were identified by
DAPI (blue) (c). Scale bar: 25 um. The number of GSTm+ cells/field were quantified (d). Data are mean + SEM.
n=3-6; Significantly (*p <0.05) different from control.

cord sections at Day 21 and Day 28 post-MOG immunization, imaged on whole sections and its intensity quan-
tified (Fig. 3a). Increase in Ibal intensity is either a result of microglial proliferation and/or monocyte infiltration
or is due to their activation?. Thus, it is indicative of a microglia or monocytic inflammatory response. Though
not significant, there were reductions in Ibal intensity in the whole spinal cords of Gz-treated animals through-
out the course of EAE (Fig. 3c). We then evaluated the number of microglia/macrophages present by quantify-
ing cells per field in high magnification images (Fig. 3b) from ventral white matter areas where inflammation
and demyelination are most prominent (Fig. 3a, red boxes). Gz treatment resulted in a significant decrease in
Ibal+ cells per field at both Days 21 and 28 post-MOG immunization (Fig. 3d). We also assessed the number of
CD11b+monocytes/macrophages in the spinal cord at Day 21 by flow cytometry and did not observe differences
(Fig. 3e). Additionally, we probed astrocyte activation by assessing GFAP intensity and observed no differences
(Figure S2).

Gz-treated EAE mice exhibit reductions in iINOS+and CD86+ microglia/macrophages. Gz
has previously been reported to reduce microglial numbers in the spinal cord in EAE®, but the pro- or anti-
inflammatory status of these cells has not been assessed. We first used immunofluorescence to evaluate expres-
sion of pro- and anti-inflammatory markers over the course of EAE. iNOS was used as a pro-inflammatory
marker, while Argl was employed as an anti-inflammatory marker (Fig. 4a). Significantly lower percentages of
iNOS+ pro-inflammatory microglia/macrophages were evident in tissue from Gz-treated animals compared to
control animals at Day 21, when inflammation was the most severe in controls (Fig. 4b). There were no signifi-
cant differences in the percentage of Ibal+ cells expressing Argl at Day 21, or at Day 28 (Fig. 4c). When the ratio
of Ibal+ Argl+to Ibal+iNOS+ cells was calculated, a trend towards anti-inflammation was observed due to the
decrease in iNOS+ cells; the difference was not statistically significant (Fig. 4d).

We also employed flow cytometry to probe a different set of pro- and anti-inflammatory markers in microglia/
macrophage at Day 21. Spinal cords of control and Gz-treated EAE mice were isolated, digested, and stained
with CD11b to identify the general microglia/macrophage population. CD86/B7.2, which participates in antigen
presentation?', was used as a pro-inflammatory marker and CD206 was used as an anti-inflammatory marker.
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Figure 3. Gz reduces microglia/macrophage numbers in the lumbar spinal cord over the course of EAE.
Frozen lumbar spinal cord sections isolated from EAE mice at Day 21 or 28 post-MOG immunization were
immunofluorescently stained with Ibal (green), to identify microglia and macrophages. Images of full coronal
sections and the pre-designated locations where high magnification images were taken are shown (a). Scale
bar: 500 pm. High magnification images used for cell counts are shown in (b). Ibal fluorescence intensity was
quantified using thresholding of the whole spinal cord images in Image]J (c). Ibal+ cells per field of view were
quantified from higher magnification images (d). For flow cytometric analysis, the spinal cord was isolated at
Day 21 post-induction of MOG-EAE. Tissue was digested and a 30% Percoll centrifugation step was performed
to remove myelin. The single cell suspension was then stained with CD11b to identify microglia/macrophages
(e). Data are mean + SEM. n=3-5 (a-d), n=4-6 (e).

Gating strategy is shown in Figure S3. In agreement with our immunofluorescent results, the percent of pro-
inflammatory microglia/macrophages (CD86+) was significantly decreased (Fig. 4e), whereas the percent of
anti-inflammatory CD206+ cells was unchanged (Fig. 4f). Taken together, both immunofluorescent and flow
cytometric analyses revealed that Gz treatment results in fewer microglia/macrophages expressing pro-inflam-
matory proteins at the Day 21 inflammatory peak of EAE.

Gz reduces T cells in the spinal cord of EAE mice. T cells are central to the cellular pathology of MS/
EAE and interact with both microglia and macrophages, responding to chemokines/cytokines and participating
in antigen presentation. Further, previous studies have observed alterations in T cell numbers and function in
response to Gz&'°. We used flow cytometry to quantify total T cells and CD4+T cells in the spinal cord of EAE
animals, since myelin damage in EAE has been attributed mainly to CD4+ T cells, rather than CD8+ T cells***.
Gating strategy is shown in Figure S4. At Day 21, there was a significant decrease in the percent of CD3+T cells
in the spinal cord of Gz-treated animals compared to control animals (Figs. 4g, S5). There were no differences in
the percent of CD3+ CD4+ T cells (Fig. 4h) nor in the percent of CD3+ T cells that were CD4+ positive (Fig. 4i)
in the spinal cords of control or Gz-treated animals.

Gz directly alters microglia function. To assess whether the observed Gz-mediated immunomodula-
tory effects in EAE are due to direct alterations of function, we directly exposed primary microglia to Gz and
examined phagocytosis, a primary function of microglia that precedes antigen presentation to T cells***. To
assess whether Gz affected the phagocytic capabilities of microglia, cells were stimulated with interferon-gamma
(IFNYy), an MS-relevant cytokine secreted by T cells that infiltrate the CNS in MS/EAE®. IFNy stimulates an
increase in phagocytic activity of microglia in vitro?’. Cells were incubated with saline (vehicle control), IFNy,
Gz, or both IFNy and Gz in the presence of fluorescent latex beads (Fig. 5a). As expected, IFNy increased phago-
cytic activity compared to saline. Gz treatment alone decreased the phagocytic activity of microglia compared
to both saline-treated microglia and IFNy-stimulated cells. Importantly, when the cells were treated with both
IFNy and Gz, phagocytic activity was decreased compared to both saline-treated and IFNy-stimulated microglia
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Figure 4. Gz reduces the expression of pro-inflammatory proteins on microglia/macrophages in EAE. Lumbar
spinal cord sections were isolated from control or Gz-treated EAE animals at Day 21 or 28 post-disease
induction. Pro-inflammatory microglia/macrophages were identified by immunofluorescent co-localization

of the inflammation marker iNOS (red) with the general microglia/macrophages marker Ibal (green). Anti-
inflammatory microglia/macrophages were identified by co-localization of Argl (red) and Ibal (green). Nuclei
are identified by DAPI (blue) (a). Scale bar: 20 um. iNOS+Ibal+or Argl+Ibal+ cells were counted and reported
as a percentage over total Ibal+ cells (b) and (c), respectively. A ratio of Argl+to iNOS+ microglia/macrophages
was calculated in (d). For flow cytometric analysis, the spinal cord was isolated at Day 21 post-induction of
MOG-EAE. Tissue was digested and a 30% Percoll centrifugation step was performed to remove myelin. The
single cell suspension was then stained with CD11b to identify microglia/macrophages (e) and (f), CD86 to
delineate pro-inflammatory cells (g) and CD206 to mark anti-inflammatory cells (h). For T cell analysis, single
cell suspensions from spinal cords isolated from EAE mice at Day 21 were stained with CD3 to identify all T
cells and CD4 to mark CD4+ T cell subset. Analysis was performed on an LSR Fortessa. Post-processing was
done on FlowJo software and data is reported as percentages. Data are mean = SEM. n=3-4 (a-d), n=4-6 (e-i).
Significantly (*p <0.05, **p <0.01) different from control.
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Figure 5. Gz diminishes phagocytic activity of primary microglia. Microglia were isolated from mixed cortical
cultures derived from P0-2 C57BL/6 mice. Cells were treated with saline, 100 U/ul IFNy, 10 um Gz, or both
IFNy and Gz for 24 h. 0.5 um latex beads (red) were then added to the cultures for 2 h prior to fixation and
staining of the cells with Ibal (green). DAPI (blue) was used to identify cell nuclei (a). The integrated density of
red pixels (beads) per cell was measured on Image] for a total of 238-260 cells from 3 independent experiments
(b). The integrated density data was then uploaded to Github (https://github.com/mcap91/Monocyte-Phago
cytosis-Assay) to generate ECDF curves (c) and analyzed using a K-S test.

(Fig. 5b,c, Table S1). Additionally, iNOS expression was assessed in Gz-treated primary microglia and surpris-
ingly, no notable decreases were evident in the percentage of IFNy-stimulated microglia expressing iNOS when
treated with Gz, compared to cells only treated with IFNy (Figure S6).

Gz does not improve outcomes in the cuprizone model of demyelination. Gz has been previ-
ously shown to affect oligodendrocyte survival®, and our data indicate that it affects the pro-inflammatory state
of microglia/macrophages in inflammatory demyelination. To dissect whether immune effects or oligodendro-
cyte survival dominates its beneficial effects, we evaluated Gz in a non-immune mediated model of demyelina-
tion, using cuprizone, which is selectively and reversibly toxic to oligodendrocytes®. Cuprizone was admin-
istered in mouse chow for 5 weeks and a subset of mice was collected at week 5 to confirm demyelination.
Gz administration was initiated at week 4 of cuprizone intoxication and continued for 1 week after cuprizone
withdrawal (Fig. 6a). There was significant demyelination after 5 weeks of cuprizone administration compared
to naive mice. After 1 week of remyelination, both vehicle and Gz-treated animals displayed significantly more
myelin in the corpus callosum compared to the 5-week baseline. However, vehicle and Gz-treated animals were
not significantly different from one another (Fig. 6b,c).

The number of oligodendrocytes present in the corpus callosum was consistent with the myelin analysis. Using
GSTn immunofluorescence to quantify mature oligodendrocytes (Fig. 6d), a significant decrease in GSTn+ cells
was observed in cuprizone-fed mice compared to control. One week after cuprizone withdrawal (and return
to normal chow), there were significant increases in the number of oligodendrocytes in both vehicle and Gz-
treated animals compared to the 5-week cuprizone-fed mice. There were no differences between the treatment
groups (Fig. 6e).

It was recently reported that microglia, but not infiltrating macrophages, are found in cuprizone lesions,
and that microglia are required for cuprizone-mediated demyelination”. When we assessed the activation and
number of microglia in the corpus callosum, Gz treatment resulted in decrease of the intensity of Ibal fluores-
cence and the number of Ibal+ cells per field, though there was variability in cuprizone-fed and vehicle-treated
animals (Fig. 7).

Discussion

Gz was previously reported to improve EAE through enhancing the ISR in oligodendrocytes, thus improving
their survival and remyelination in the inflamed CNSS. Here, we further characterize the beneficial actions of
Gz, showing that amelioration of EAE can also be attributed to dampening the pro-inflammatory responses of
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Figure 6. Gz does not significantly accelerate remyelination in the cuprizone model of demyelination. Mice
were fed 0.2% cuprizone in their chow for 5 weeks. At week 4, mini-osmotic pumps containing saline (vehicle)
or Gz were implanted subcutaneously. Mice were reverted to standard chow for 1 week to allow for spontaneous
remyelination (a). At 5 weeks, before the withdrawal of cuprizone, both naive mice and cuprizone-fed mice
were euthanized for baseline analysis to assure demyelination in the corpus callosum, using EC staining. After

1 week of cuprizone withdrawal, vehicle and Gz-treated mice were collected and EC stain was used to visualize
remyelination in the corpus callosum (b). The optical density of EC was calculated using Image]J (c). Data are
mean+SEM. n=4-6. **p <0.05 compared to naive, “p <0.05, *p <0.01 compared to 5 week CPZ.

microglia and macrophages. Distinctly from the study by Way et al. which first employed Gz in EAE via daily
i.p. injections starting on Day 7 post-MOG immunization, we started treatment later, at Day 14, by infusion
with mini-osmotic pumps that were surgically implanted subcutaneously in the backs of EAE mice. With this
more relevant therapeutic timescale and continuous infusion of drug, we did observe decreased demyelination,
increased oligodendrocyte cell numbers, and decreased microglia/macrophages and T cells in the spinal cord
in agreement with Way et al.

The immunomodulatory activity of Gz was examined in detail: dramatic reductions in the percent of micro-
glia/macrophages expressing pro-inflammatory markers were observed at Day 21 post-MOG immunization, the
time point of peak inflammation. Immunofluorescent analysis showed a significant decrease in iNOS expression
and flow cytometric analysis revealed a significant decrease in expression of CD86 on microglia/macrophages.
During homeostasis, CD86 and other molecules involved in antigen presentation are barely detectable in micro-
glia, but become upregulated during inflammation. In the context of EAE, it has been reported that the first
step of microglial activation is upregulation of MHCII, CD40, and CD86, which provide co-stimulatory signals
required for T cell activation®. The Gz-mediated decrease in the percentage of microglia/macrophages expressing
CD86 could potentially indicate the inability of microglia to successfully activate autoreactive T cells.

It is possible that the enhancement of the ISR in oligodendrocytes, which reduces oligodendrocyte cell death,
is responsible for decreased demyelination and the improvements in motor deficits in the spinal cord, as pre-
viously reported®. We confirmed an increase in the number of mature oligodendrocytes in the spinal cord in
addition to the decrease in pro-inflammatory microglia. Importantly, however, we show that Gz diminishes
phagocytic activity of both unstimulated and IFNy-stimulated microglia in vitro. This is a notable finding as
it demonstrates that Gz is directly influencing microglial function upon stimulation with an MS-relevant pro-
inflammatory cytokine. Though phagocytosis is generally considered a beneficial function of microglia in EAE as
myelin debris is deemed an obstacle to myelin repair**?2, the uptake of antigens via phagocytosis precedes antigen
presentation to encephalotigenic T cells. Thus, this process of phagocytosis can also promote CNS inflammation.
A study of the kinetics of myelin uptake by microglia and other antigen-presenting cells (APCs) in EAE reported
that APCs that had taken up myelin antigen were often co-localized with CD4+ T cells, indicative of active antigen
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Figure 7. Gz does not dramatically affect microglial activation in cuprizone-fed mice. Mice were fed 0.2%
cuprizone in their chow for 5 weeks. At week 4, mini-osmotic pumps containing saline (vehicle) or Gz

were implanted subcutaneously. Mice were reverted to standard chow for 1 week to allow for spontaneous
remyelination. At 5 weeks, before the withdrawal of cuprizone, both naive mice and cuprizone-fed mice were
euthanized for baseline analysis to assure microglial activation by Ibal immunofluorescent staining (green).
After 1 week of cuprizone withdrawal, vehicle and Gz-treated mice were collected Ibal staining performed (a).
Ibal intensity was calculated using Image] (b). Cells per field were counted manually in high magnification
images (insets in a,c) Data are mean+SEM. n=4-6.

presentation®. Another study found that microglia are also able to take up neuronal antigens, such as NF-L. They
suggested that though the clearance of neuronal debris is necessary, this process may amplify autoimmunity by
the presentation of these neuronal antigens to T cells?. Therefore, this direct functional impairment of microglia
by Gz could also result in the observed decreases in T cells in the spinal cord (Fig. 4g). It is also possible that other
antigen-presenting cells that we have not examined, such as B cells, perivascular macrophages, and dendritic cells,
are modulated by guanabenz. Though Way et al. did not find any differences in B cell or dendritic cell numbers
in the spinal cord of EAE animals treated with guanabenz compared to controls®, other studies have shown that
guanabenz inhibits activation of both cell types®’.

We further assessed the effectiveness of Gz in a toxin-induced model of demyelination to contrast the severe
CNS inflammation in EAE. The cuprizone model, which induces selective oligodendrocyte cell death?®**, was
chosen as there is evidence that oligodendrocyte viability during exposure to cuprizone is dependent on the ISR
pathway®>*. Surprisingly, we did not observe a significant increase in oligodendrocyte numbers in Gz-treated
mice compared to saline-treated animals after the withdrawal of cuprizone (but continuous infusion/presence
of Gz). This could mean that dampening the immune response in the more inflammatory setting of EAE is
the more predominant mechanism attenuating disease. In the cuprizone model, a decrease in the intensity of
Ibal (an indicator of microglial activation) was evident, but it was not significant. A recent study reported that
microglia, not peripherally-derived macrophages, dominate cuprizone lesions and that microglial activation is
sufficient to drive demyelination even in the absence of cuprizone®. It is possible that Gz-mediated differences
in microglial activation are apparent at the early timepoints during active demyelination, but these effects were
no longer dramatic at the time points assessed in this study. Further, initiating Gz infusion earlier than week 4
of cuprizone intoxication may be more beneficial, as other studies have shown that there is a window to induce
microglia-mediated benefits, with positive effects being observed when agents are administered earlier during
cuprizone intoxication?’.

It will be important to further understand the inflammation-related signaling pathways mediated by Gz. Sev-
eral reports have suggested starting points such as a2-adrenergic agonism®, elevation of elF2a phosphorylation®,
and a decrease in cholesterol hydroxylase’, all of which intersect with immune pathways in microglia and/or
macrophages.

In conclusion, our results indicate that Gz significantly dampens the pro-inflammatory responses of microglia
and macrophages in EAE, and results in decrease of the number of T cells, the main pathogenic cell type in this
model. As there have been several recent reports of anti-inflammatory properties of Gz in other disease models,
it is important to characterize the beneficial immunomodulatory actions in contexts in which this drug could
potentially be repurposed in the clinic.
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Methods

Animals. Wild-type female C57BL/6 (Jackson Laboratory) or SJL/J mice (Charles River) were bred in-house
under specific pathogen-free conditions set by Stony Brook University Division of Laboratory Animal Resources
(DLAR). Mice were provided food and water ad libitum and were maintained on a 12-h light/dark cycle. All pro-
cedures were approved by the Stony Brook University Institutional Animal Care and Use Committee (IACUC)
and all experiments and methods were performed in accordance with the IACUC-approved procedures.

Induction of monophasic or relapsing-remitting EAE.  Monophasic EAE was induced in 8-10-week-
old female C57BL/6 mice by subcutaneous injection of 300 pg of MOG;s 55 peptide (Biomatik, USA, LLC;
Sequence: MEVGWYRSPFSRVVHLYRNGK) emulsified in Complete Freund’s Adjuvant (CFA) containing
500 pg of heat-inactivated Mycobacterium tuberculosis (Difco). On Days 0 and 2, 500 ng pertussis toxin (List
Biologicals) was administered intraperitoneally. Drug treatment was initiated on Day 14 post-disease induction.
To induce relapsing-remitting EAE, injection of 200 ug of PLP;, ;5; peptide (Biomatik, USA, LLC; Sequence:
HSLGTKWLGHPDKF) emulsified in CFA containing 4 mg/mL heat-inactivated Mycobacterium tuberculosis
(Difco) was administered subcutaneously in 8-10-week-old SJL/J] mice, as previously described®. Drug treat-
ment was initiated on Day 21 post-disease induction. For both monophasic and relapsing-remitting EAE, mice
were weighed weekly and observed daily to evaluate symptom severity. Symptoms were scored in a blind man-
ner on a scale of 0-5 with gradations of 0.5 for intermediate symptoms. Scores are as follows: 0=no detect-
able symptoms, 1=loss of tail tone, 2=abnormal gait, 3=hindlimb paralysis, 4 =forelimb weakness/paralysis,
5=moribund/dead.

Cuprizone-induced demyelination. Wild-type 8-10-week-old female C57BL/6 mice were fed 0.2%
(w/w) cuprizone mixed into standard rodent chow (Envigo). The mice were maintained on the cuprizone diet
for 5 weeks at which point they were reverted to standard chow. A subset of naive and cuprizone-fed untreated
mice was euthanized at week 5 to validate demyelination. One week prior to the withdrawal of cuprizone, vehicle
or Gz treatment was initiated. One week post-cuprizone withdrawal, vehicle or Gz-treated mice were euthanized
and brains were isolated and processed as described below.

Drug delivery. Alzet mini-osmotic pumps (Durect) were used to deliver drugs in a time-controlled manner.
For both EAE and cuprizone experiments, fourteen-day pumps (rate of infusion 0.25 uL/h, 100 pL total volume)
were filled with Gz, and incubated overnight in sterile saline at 37 °C in a dry incubator before use. Pumps were
implanted subcutaneously in the backs of anesthetized mice.

Tissue processing for immunohistochemistry/immunofluorescence. Mice were deeply anesthe-
tized by intraperitoneal injection of 2.5% avertin (0.2 mL/g body weight). Transcardial perfusion was performed
using PBS, followed by 4% paraformaldehyde (PFA) in PBS (pH 7.4). Tissues were isolated and post-fixed in
4% PFA at 4 °C overnight. To cryopreserve, tissues were then transferred to 30% sucrose in PBS at 4 °C until no
longer floating. For spinal cord, meningeal layers were removed under a dissecting microscope and the lumbar
region was cut into equal sections prior to embedding in optimal cutting temperature compound (Tissue Tek,
Sakura) and freezing at — 80 °C overnight to prepare for sectioning. For brains, cerebellum was removed prior to
embedding and freezing as described above. 20 micron sections were obtained using a cryostat (Leica), placed
onto slides, and stored at — 80 °C until use.

Eriochrome cyanine staining. Eriochrome cyanine (EC) staining was used to visualize myelin in the
lumbar spinal cord for EAE animals and in the corpus callosum of cuprizone-treated animals, as previously
described®®*"*2, Tissue sections stored on slides at — 80 °C were air-dried at room temperature overnight before
incubation at 37 °C for two hours in a dry incubator. Slides were then submerged in acetone for 5 min and air-
dried at room temperature for 30 min. The sections were stained in EC solution (0.2% EC (Sigma), 0.5% H,SO,
(Sigma), 10% iron alum (Sigma) in distilled water) for 30 min. Differentiation was achieved by exposing sections
to 5% iron alum (Sigma) for 10 min, followed by borax-ferricyanide solution (1% borax (Sigma), 1.25% potas-
sium ferricyanide (Sigma) in distilled water) for 5 min. Sections were dehydrated through graded ethanol solu-
tions and coverslipped using SecureMount (Fisher Scientific). Stained sections were imaged on a Nikon Eclipse
E600 microscope at 40x magnification. Images were then cropped to remove gray matter areas and FIJI freeware
(NIH) was used to measure the demyelinated and total white matter area. Thresholding was used to obtain a
binary signal that distinguishes between positive-staining white matter and negative-staining demyelination and
percent demyelination was calculated as follows: Demyelinated area (%) = [(Demyelinated area in white matter/
Total white matter area) x 100]. Six coronal spinal cord sections were analyzed for each biological replicate in
EAE experiments and three full coronal brain sections were analyzed for cuprizone experiments.

Immunofluorescence. Spinal cord or brain sections mounted on slides used for immunofluorescence were
rinsed in PBS for 5 min to remove residual optimal cutting temperature compound. For in vitro experiments,
cells plated on coverslips were fixed in 4% PFA for 20 min at room temperature and rinsed in PBS prior to stain-
ing. Samples were then blocked in the serum of the host of the secondary antibody (5% serum, 0.2% Triton
X-100 in PBS) and incubated overnight at 4 °C with various combinations of primary antibody in 30 mg/mL
BSA in PBS with 0.2% Triton X-100. Primary antibodies used include: rabbit anti-mouse Ibal (1:500, Wako),
mouse anti-mouse iNOS (1:500, BD Biosciences), mouse anti-mouse Arginase-1 (1:500, BD Biosciences), rabbit
anti-mouse GSTm (1:250, MBL International), and rabbit anti-mouse GFAP (1:500, Dako). After washing with
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PBS, sections were incubated with AlexaFluor 488- or 555-conjugated goat anti-rabbit or goat anti-mouse anti-
body for 2 h at room temperature. After rinsing with PBS, slides were mounted using Fluormount-G with DAPI
(Southern Biotech). The sections were imaged using a Nikon Eclipse E600 microscope or a Leica Sp8X confocal
microscope. Confocal images were acquired at the same pre-designated locations (indicated in Fig. 3) along
the ventral columns of the lumbar spinal cord or the medial corpus callosum (cryostat sections taken between
bregma — 0.7 through — 1.46) for each biological replicate*'.

Flow cytometry. Mice were deeply anesthetized by intraperitoneal injection of 2.5% avertin (0.2 mL/g body
weight) and transcardially perfused with 50 mL of ice cold sterile PBS (pH 7.4). Whole spinal cord was isolated
and digested in 10 mg/mL papain (Sigma) for 20 min with manual inversion every 5 min. Tissue was then tritu-
rated with a p1000 pipet and centrifuged for 5 min at 400g and 4 °C to remove papain solution. The pelleted
cells were then resuspended in 30% Percoll (Sigma) in sterile Hank’s Balanced Saline Solution (HBSS). Samples
were centrifuged for 15 min at 400g and 4 °C and the white myelin layer was carefully removed. The remaining
Percoll solution containing the cells was diluted with sterile HBSS and centrifuged for 20 min at 400g and 4 °C
to pellet the cells. After removal of the diluted Percoll solution, the cells were resuspended in FACS buffer (0.5%
bovine serum albumin (BSA) in 1x sterile PBS) and passed through a 40-micron filter. Cells were counted using
trypan blue exclusion. Cells were then blocked using anti-CD16/32 (1:50 in FACS buffer; Biolegend) for 30 min
on ice and then stained with CD11b-APC, CD86-PE, CD206-Pacific Blue, CD3-Pacific Blue, CD4-PE antibodies
(1:100 in FACS buffer; Biolegend) in various combinations for 30 min on ice in the dark. The staining solution
was removed by centrifugation for 5 min at 200g, and cells were washed twice with FACS buffer before resus-
pending for flow cytometric analysis on a BD LSR Fortessa. Post-processing was performed on Flow]Jo software.

Primary microglia culture. Primary microglia were harvested from the cortices of P0-2 C57BL/6 mice
as previously described*?. Briefly, after isolation of cortices, meninges and hippocampi were removed and the
remaining tissue was digested in 0.25% Trypsin/EDTA (Sigma) at 37 °C/5% CO, for 20 min. The tissue was then
triturated and the Trypsin was neutralized with DMEM containing 10% FBS. Cells were pelleted by centrifu-
gation and resuspended in mixed cortical culture medium (DMEM, 10% FBS, 1X antibiotic/antimycotic, and
40 ug/mL gentamicin). The cell solution was then filtered through a 40-micron cell strainer and plated in mixed
cortical culture medium on plates that had been coated with poly-p-lysine (PDL, Sigma). Medium was changed
3 days later and microglia were harvested between Day 10 and 14.

To isolate the microglia from the mixed cortical culture, lidocaine was added at a final concentration of 1 mM
and the culture was incubated at room temperature for 15 min. The medium, containing the floating microglia,
was then centrifuged at 500¢ for 5 min, supernatant removed, and the cell pellet was resuspended in microglia
medium (DMEM, 1% FBS, 1X antibiotic/antimycotic, 40 pg/mL gentamicin). Cells were counted on a hemocy-
tometer before seeding into wells for experiments.

Phagocytosis assay. Primary microglia isolated from C57BL/6 mixed cortical cultures as described above
were plated on glass coverslips. After 24 h, cells were treated with either saline as a vehicle control, 100 units/
mL IFN-y (Roche), 10 uM Gz (Sigma), or both IFN-y and Gz concomitantly. After 24 h of treatment, half of
the medium was replaced with fresh medium containing rhodamine-conjugated latex beads (0.8 pm diameter,
Sigma) at concentration of 0.1 pL bead suspension/mL medium. Cells were incubated at 37 °C/5% CO, for 2 h
after which non-internalized beads were thoroughly washed away with 1X HBSS. Cells were then fixed in 4%
PFA for 20 min, rinsed with 1X PBS and immunofluorescently stained with rabbit anti-mouse Ibal (Wako;
1:1000) and anti-rabbit AlexaFluor-488 before being mounted on slides with DAPI Fluormount (Southern Bio-
tech). Microglia were imaged using a Leica SP8X confocal microscope. 10 um z-stacks were taken at 40x resolu-
tion. Images were processed using Fiji*}, where the integrated density of the sum-projected red pixels (beads)
was measured.

Statistical analysis. Figures were generated and statistical analysis was performed using Prism 6 software.
For multiple comparisons within a group, one-way ANOVA followed by Tukey’s post-hoc test was used. For
comparisons between two groups, two-tailed t-tests were employed. p <0.05 was considered significant. For all
figures, results are expressed as mean, with error bars representing the standard error of the mean. In all in vivo
experiments, n refers to the number of biological replicates. For EAE scores, a non-parametric Mann-Whitney
U test was used. For the phagocytosis assay, integrated density data was analyzed using a K-S test via GitHub
(https://github.com/mcap91/Monocyte-Phagocytosis- Assay)** and n refers to the total number of cells analyzed
per treatment.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 12 June 2020; Accepted: 21 October 2020
Published online: 09 November 2020

References
1. Reich, D. S., Lucchinetti, C. F. & Calabresi, P. A. Multiple sclerosis. N. Engl. J. Med. 378, 169-180. https://doi.org/10.1056/NEJMr
1401483 (2018).

Scientific Reports |

(2020) 10:19333 | https://doi.org/10.1038/s41598-020-76383-w nature research


https://github.com/mcap91/Monocyte-Phagocytosis-Assay
https://doi.org/10.1056/NEJMra1401483
https://doi.org/10.1056/NEJMra1401483

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Trapp, B. D. & Nave, K. A. Multiple sclerosis: An immune or neurodegenerative disorder?. Annu. Rev. Neurosci. 31, 247-269. https

://doi.org/10.1146/annurev.neuro.30.051606.094313 (2008).

. Dutta, R. & Trapp, B. D. Mechanisms of neuronal dysfunction and degeneration in multiple sclerosis. Prog. Neurobiol. 93, 1-12.

https://doi.org/10.1016/j.pneurobio.2010.09.005 (2011).

. Klotz, L. et al. Risks and risk management in modern multiple sclerosis immunotherapeutic treatment. Ther. Adv. Neurol. Disord.

12, 1756286419836571. https://doi.org/10.1177/1756286419836571 (2019).

. Ransohoff, R. M., Hafler, D. A. & Lucchinetti, C. F. Multiple sclerosis—A quiet revolution. Nat. Rev. Neurol. 11, 134-142. https://

doi.org/10.1038/nrneurol.2015.14 (2015).

. Way, S. W. et al. Pharmaceutical integrated stress response enhancement protects oligodendrocytes and provides a potential multiple

sclerosis therapeutic. Nat. Commun. 6, 6532. https://doi.org/10.1038/ncomms7532 (2015).

. Martynowicz, J. et al. Guanabenz reverses a key behavioral change caused by latent toxoplasmosis in mice by reducing neuroin-

flammation. mBio https://doi.org/10.1128/mBi0.00381-19 (2019).

. Perego, J. et al. Guanabenz prevents D-galactosamine/lipopolysaccharide-induced liver damage and mortality. Front. Immunol. 8,

679. https://doi.org/10.3389/fimmu.2017.00679 (2017).

. Perego, J. et al. Guanabenz inhibits TLRY signaling through a pathway that is independent of eIF2a dephosphorylation by the

GADD34/PP1c complex. Sci. Signal. 11, eaam8104. https://doi.org/10.1126/scisignal.aam8104 (2018).

Takigawa, S. et al. Guanabenz downregulates inflammatory responses via elF2alpha dependent and independent signaling. Int. J.
Mol. Sci. 17, 674. https://doi.org/10.3390/ijms17050674 (2016).

Singh, S. et al. Microglial nodules in early multiple sclerosis white matter are associated with degenerating axons. Acta Neuropathol.
125, 595-608. https://doi.org/10.1007/s00401-013-1082-0 (2013).

Versijpt, J. et al. Microglial imaging with positron emission tomography and atrophy measurements with magnetic resonance
imaging in multiple sclerosis: A correlative study. Multiple Sclerosis 11, 127-134 (2005).

Heppner, E L. et al. Experimental autoimmune encephalomyelitis repressed by microglial paralysis. Nat. Med. 11, 146-152. https
://doi.org/10.1038/nm1177 (2005).

Nissen, J. C., Thompson, K. K., West, B. L. & Tsirka, S. E. Csf1R inhibition attenuates experimental autoimmune encephalomyelitis
and promotes recovery. Exp. Neurol. 307, 24-36. https://doi.org/10.1016/j.expneurol.2018.05.021 (2018).

Boyle, E. A. & McGeer, P. L. Cellular immune response in multiple sclerosis plaques. Am. J. Pathol. 137, 575-584 (1990).

Zhang, Z. et al. Parenchymal accumulation of CD163+ macrophages/microglia in multiple sclerosis brains. J. Neuroimmunol. 237,
73-79. https://doi.org/10.1016/j.jneuroim.2011.06.006 (2011).

Raivich, G. & Banati, R. Brain microglia and blood-derived macrophages: molecular profiles and functional roles in multiple scle-
rosis and animal models of autoimmune demyelinating disease. Brain Res. Brain Res. Rev. 46, 261-281. https://doi.org/10.1016/j.
brainresrev.2004.06.006 (2004).

Ajami, B., Bennett, J. L., Krieger, C., McNagny, K. M. & Rossi, F. M. Infiltrating monocytes trigger EAE progression, but do not
contribute to the resident microglia pool. Nat. Neurosci. 14, 1142-1149. https://doi.org/10.1038/nn.2887 (2011).

Yamasaki, R. et al. Differential roles of microglia and monocytes in the inflamed central nervous system. J. Exp. Med. 211,
1533-1549. https://doi.org/10.1084/jem.20132477 (2014).

Wu, M., Nissen, J. C., Chen, E. I. & Tsirka, S. E. Tuftsin promotes an anti-inflammatory switch and attenuates symptoms in experi-
mental autoimmune encephalomyelitis. PLoS ONE 7, €34933. https://doi.org/10.1371/journal.pone.0034933 (2012).

Veremyeko, T. et al. Cyclic AMP pathway suppress autoimmune neuroinflammation by inhibiting functions of encephalitogenic
CD4 T cells and enhancing M2 macrophage polarization at the site of inflammation. Front. Immunol. 9, 50 (2018).

Robinson, A. P, Harp, C. T, Noronha, A. & Miller, S. D. The experimental autoimmune encephalomyelitis (EAE) model of MS:
Utility for understanding disease pathophysiology and treatment. Handb. Clin. Neurol. 122, 173-189. https://doi.org/10.1016/
B978-0-444-52001-2.00008-X (2014).

Lassmann, H. & Bradl, M. Multiple sclerosis: Experimental models and reality. Acta Neuropathol. 133, 223-244. https://doi.
0rg/10.1007/s00401-016-1631-4 (2017).

Cherry, J. D., Olschowka, J. A. & O’Banion, M. K. Neuroinflammation and M2 microglia: The good, the bad, and the inflamed. J.
Neuroinflamm. 11, 98. https://doi.org/10.1186/1742-2094-11-98 (2014).

Huizinga, R. et al. Phagocytosis of neuronal debris by microglia is associated with neuronal damage in multiple sclerosis. Glia 60,
422-431. https://doi.org/10.1002/glia.22276 (2012).

O’Connor, R. A. et al. Cutting edge: Th1 cells facilitate the entry of Th17 cells to the central nervous system during experimental
autoimmune encephalomyelitis. J. Immunol. 181, 3750-3754. https://doi.org/10.4049/jimmunol.181.6.3750 (2008).

Smith, M. E., van der Maesen, K. & Somera, E P. Macrophage and microglial responses to cytokines in vitro: Phagocytic activity,
proteolytic enzyme release, and free radical production. J. Neurosci. Res. 54, 68-78 (1998).

Praet, J., Guglielmetti, C., Berneman, Z., Van der Linden, A. & Ponsaerts, P. Cellular and molecular neuropathology of the cupri-
zone mouse model: Clinical relevance for multiple sclerosis. Neurosci. Biobehav. Rev. 47, 485-505. https://doi.org/10.1016/j.neubi
orev.2014.10.004 (2014).

Marzan, D. E., West, B. L. & Salzer, J. L. Microglia are necessary for toxin-mediated demyelination and activation of microglia is
sufficient to induce demyelination. BioRxiv https://doi.org/10.1101/501148 (2018).

Ponomarev, E. D., Shriver, L. P. & Dittel, B. N. CD40 expression by microglial cells is required for their completion of a two-step
activation process during central nervous system autoimmune inflammation. J. Immunol. 176, 1402-1410. https://doi.org/10.4049/
jimmunol.176.3.1402 (2006).

Kotter, M. R,, Li, W. W,, Zhao, C. & Franklin, R. J. Myelin impairs CNS remyelination by inhibiting oligodendrocyte precursor cell
differentiation. J. Neurosci. 26, 328-332. https://doi.org/10.1523/JNEUROSCI.2615-05.2006 (2006).

Plemel, J. R., Manesh, S. B, Sparling, J. S. & Tetzlaff, W. Myelin inhibits oligodendroglial maturation and regulates oligodendrocytic
transcription factor expression. Glia 61, 1471-1487. https://doi.org/10.1002/glia.22535 (2013).

Sosa, R. A., Murphey, C,, Ji, N., Cardona, A. E. & Forsthuber, T. G. The kinetics of myelin antigen uptake by myeloid cells in the
central nervous system during experimental autoimmune encephalomyelitis. J. Immunol. 191, 5848-5857. https://doi.org/10.4049/
jimmunol.1300771 (2013).

Vega-Riquer, J. M., Mendez-Victoriano, G., Morales-Luckie, R. A. & Gonzalez-Perez, O. Five decades of cuprizone, an updated
model to replicate demyelinating diseases. Curr. Neuropharmacol. 17, 129-141. https://doi.org/10.2174/1570159X156661707171
20343 (2019).

Goldberg, J. et al. Short-term cuprizone feeding induces selective amino acid deprivation with concomitant activation of an
integrated stress response in oligodendrocytes. Cell Mol. Neurobiol. 33, 1087-1098. https://doi.org/10.1007/s10571-013-9975-y
(2013).

Fischbach, E et al. Cuprizone-induced graded oligodendrocyte vulnerability is regulated by the transcription factor DNA damage-
inducible transcript 3. Glia 67, 263-276. https://doi.org/10.1002/glia.23538 (2019).

Skripuletz, T. et al. Lipopolysaccharide delays demyelination and promotes oligodendrocyte precursor proliferation in the central
nervous system. Brain Behav. Immun. 25, 1592-1606 (2011).

Baum, T. & Shropshire, A. T. Studies on the centrally mediated hypotensive activity of guanabenz. Eur. J. Pharmacol. 37, 31-44
(1976).

Scientific Reports |

(2020) 10:19333 | https://doi.org/10.1038/s41598-020-76383-w natureresearch


https://doi.org/10.1146/annurev.neuro.30.051606.094313
https://doi.org/10.1146/annurev.neuro.30.051606.094313
https://doi.org/10.1016/j.pneurobio.2010.09.005
https://doi.org/10.1177/1756286419836571
https://doi.org/10.1038/nrneurol.2015.14
https://doi.org/10.1038/nrneurol.2015.14
https://doi.org/10.1038/ncomms7532
https://doi.org/10.1128/mBio.00381-19
https://doi.org/10.3389/fimmu.2017.00679
https://doi.org/10.1126/scisignal.aam8104
https://doi.org/10.3390/ijms17050674
https://doi.org/10.1007/s00401-013-1082-0
https://doi.org/10.1038/nm1177
https://doi.org/10.1038/nm1177
https://doi.org/10.1016/j.expneurol.2018.05.021
https://doi.org/10.1016/j.jneuroim.2011.06.006
https://doi.org/10.1016/j.brainresrev.2004.06.006
https://doi.org/10.1016/j.brainresrev.2004.06.006
https://doi.org/10.1038/nn.2887
https://doi.org/10.1084/jem.20132477
https://doi.org/10.1371/journal.pone.0034933
https://doi.org/10.1016/B978-0-444-52001-2.00008-X
https://doi.org/10.1016/B978-0-444-52001-2.00008-X
https://doi.org/10.1007/s00401-016-1631-4
https://doi.org/10.1007/s00401-016-1631-4
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1002/glia.22276
https://doi.org/10.4049/jimmunol.181.6.3750
https://doi.org/10.1016/j.neubiorev.2014.10.004
https://doi.org/10.1016/j.neubiorev.2014.10.004
https://doi.org/10.1101/501148
https://doi.org/10.4049/jimmunol.176.3.1402
https://doi.org/10.4049/jimmunol.176.3.1402
https://doi.org/10.1523/JNEUROSCI.2615-05.2006
https://doi.org/10.1002/glia.22535
https://doi.org/10.4049/jimmunol.1300771
https://doi.org/10.4049/jimmunol.1300771
https://doi.org/10.2174/1570159X15666170717120343
https://doi.org/10.2174/1570159X15666170717120343
https://doi.org/10.1007/s10571-013-9975-y
https://doi.org/10.1002/glia.23538

www.nature.com/scientificreports/

39. Tsaytler, P,, Harding, H. P, Ron, D. & Bertolotti, A. Selective inhibition of a regulatory subunit of protein phosphatase 1 restores
proteostasis. Science 332, 91-93 (2011).

40. Lawson, B. R. et al. Inhibition of transmethylation down-regulates CD4 T cell activation and curtails development of autoimmunity
in a model system. J. Immunol. 178, 5366-5374. https://doi.org/10.4049/jimmunol.178.8.5366 (2007).

41. Thompson, K. K., Nissen, J. C., Pretory, A. & Tsirka, S. E. Tuftsin combines with remyelinating therapy and improves outcomes in
models of CNS demyelinating disease. Front. Immunol. 9, 2784. https://doi.org/10.3389/fimmu.2018.02784 (2018).

42. Nissen, J. C. & Tsirka, S. E. Tuftsin-driven experimental autoimmune encephalomyelitis recovery requires neuropilin-1. Glia 64,
923-936. https://doi.org/10.1002/glia.22972 (2016).

43. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676-682. https://doi.org/10.1038/
nmeth.2019 (2012).

44. Caponegro, M., Thompson, K., Tayyab, M. & Tsirka, S. A rigorous quantitative approach to analyzing phagocytosis assays. Bio-
Protocol https://doi.org/10.21769/BioProtoc.3698 (2020).

Acknowledgements

We thank the members of the Tsirka lab for their valuable discussions regarding this work and help with experi-
mental scoring. We thank the Colognato lab for their helpful discussions and generous sharing of reagents.
We also thank the Stony Brook University Flow Cytometry Core Facility. This work was partially supported
by PhRMA Foundation Pharmacology/Toxicology Predoctoral Fellowship and NIH IRACDA NY-CAPS
K12GM102779 (K.K.T.) and NMSS PP1815 (SET).

Author contributions
K.K.T. designed and performed experiments, analyzed the data, and wrote drafts of the manuscript. S.E.T.
designed experiments, analyzed the data, and wrote drafts of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-76383-w.

Correspondence and requests for materials should be addressed to S.E.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:19333 | https://doi.org/10.1038/s41598-020-76383-w natureresearch


https://doi.org/10.4049/jimmunol.178.8.5366
https://doi.org/10.3389/fimmu.2018.02784
https://doi.org/10.1002/glia.22972
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.21769/BioProtoc.3698
https://doi.org/10.1038/s41598-020-76383-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Guanabenz modulates microglia and macrophages during demyelination
	Results
	Therapeutic Gz attenuates EAE symptoms. 
	Therapeutic Gz reduces demyelination. 
	Gz alters microgliamacrophage numbers in EAE. 
	Gz-treated EAE mice exhibit reductions in iNOS+ and CD86+ microgliamacrophages. 
	Gz reduces T cells in the spinal cord of EAE mice. 
	Gz directly alters microglia function. 
	Gz does not improve outcomes in the cuprizone model of demyelination. 

	Discussion
	Methods
	Animals. 
	Induction of monophasic or relapsing–remitting EAE. 
	Cuprizone-induced demyelination. 
	Drug delivery. 
	Tissue processing for immunohistochemistryimmunofluorescence. 
	Eriochrome cyanine staining. 
	Immunofluorescence. 
	Flow cytometry. 
	Primary microglia culture. 
	Phagocytosis assay. 
	Statistical analysis. 

	References
	Acknowledgements


