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Abstract

Accumulating evidence indicates that obesity accelerates the onset of cognitive decline. While mechanisms are still being
identified, obesity promotes peripheral inflammation and increases blood-brain barrier (BBB) permeability. However, no
studies have manipulated vascular permeability in obesity to determine whether BBB breakdown underlies memory
deficits. Protein kinase CB (PKCp) activation destabilizes the BBB, and we used a PKCp inhibitor (Enzastaurin) to block
BBB leakiness in leptin receptor-deficient (db/db) mice. Enzastaurin reversed BBB breakdown in db/db mice and normal-
ized hippocampal function without affecting obesity or metabolism. Flow cytometric analysis of forebrain mononuclear
cells (FMCs) from db/db mice revealed macrophage infiltration and induction of the activation marker MHCII in microglia
and macrophages. Enzastaurin eliminated macrophage infiltration and MHCII induction, and protein array profiling
revealed parallel reductions in ILIB, IL6, MCPI, and TNFa. To investigate whether these signals attract peripheral
monocytes, FMCs from Wt and db/db mice were plated below migration inserts containing peritoneal macrophages.
Peritoneal macrophages from db/db mice exhibit increases in transmigration that were blocked by recombinant ILIRA.
These studies indicate that BBB breakdown impairs cognition in obesity and diabetes by allowing macrophage infiltration,
with a potential role for ILIB in trafficking of peripheral monocytes into the brain.
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Introduction

Chronic inflammation in obesity is most recognized
for its role in the development of metabolic and cardio-
vascular disease,! but increasing evidence suggests
that inflammation also impacts the central nervous
system.”? Inflammation in hypothalamic nuclei has
been widely reported in models of metabolic dysfunc-
tion,? but neuroinflammation also occurs outside of cir-
cuits directly implicated in food intake and energy
expenditure.®> ® Hippocampal neurons are required for
associational memory and exhibit early vulnerability
during progression from amnestic mild cognitive
impairment to dementia, including Alzheimer’s disease
(AD).”® Cross-sectional and longitudinal studies sug-
gest that obesity and diabetes each independently
increase AD risk,® '® but the cellular mechanisms for

susceptibility to dementia in these conditions have yet
to be identified.

The blood—brain barrier (BBB) is a source of passive
and active protection for cells residing in the brain par-
enchyma.'®!” Tight junctions between endothelial cells

'Department of Neuroscience and Regenerative Medicine, Medical

College of Georgia, Georgia Regents University, Augusta, GA, USA
2Department of Oral Biology, Medical College of Georgia, Georgia

Regents University Augusta, GA, USA

3Plastic Surgery Section, Department of Surgery Medical College of
Georgia, Georgia Regents University, Augusta, GA, USA

Corresponding author:

Alexis M Stranahan, Department of Neuroscience and Regenerative
Medicine, Medical College of Georgia, Georgia Regents University, 1120
I5th St, CA3009, Augusta, GA 30912, USA.

Email: astranahan@gru.edu



Stranahan et al.

2109

restrict diffusion to gases and lipid-soluble steroids,
with most transport occurring via receptor-mediated
transcytosis.'®> However, the notion of an impenetrable
barrier is being eroded by demonstrations of increased
BBB permeability in multiple disease states, including
obesity, aging, and Alzheimer’s disease.'® ' These find-
ings have led to reinterpretation that the BBB is as less
of a barrier and more of a gate, with dynamic regula-
tion of gating by circulating factors and local signals
from neurons and glia. In acute injuries, such as trau-
matic brain injury and ischemic stroke, there is consen-
sus that cerebrovascular disruption elicits secondary
injury by exposing the brain to circulating factors.?
In chronic conditions such as obesity and diabetes, the
mechanisms that initiate and perpetuate BBB breakdown
have yet to be identified, and the consequences for
synaptic function remain poorly understood. Peripheral
inflammation increases BBB permeability, but also
influences cells of the central nervous system (CNS) via
BBB-independent mechanisms.>®  Obesity increases
inflammatory cytokines in multiple brain regions, includ-
ing the hippocampus,*® but there has been no investiga-
tion into whether these effects are mediated by, or
independent of, BBB leakiness.

Microglia are brain-resident phagocytes that con-
stantly monitor the neuropil with motile processes for
detection and clearance of cellular debris.>* Peripheral
macrophages and microglia arise from a common
embryonic precursor, but diverge thereafter, with min-
imal macrophage penetrance across the BBB under
normal conditions.”> Activation of protein kinase Cp
(PKCp) increases BBB permeability and allows bone
marrow-derived immune cells to enter the nervous
system in models of infectious disease.”® Diabetes also
promotes PKCp-mediated cerebrovascular breakdown
in the retina,?’” but mechanisms for BBB breakdown in
the CNS remain to be determined, and the reported rela-
tionships between BBB breakdown, microglial activation,
and cognitive deficits remain correlative at present.*>=

We used the selective PKCP inhibitor LY-317615
(Enzastaurin) to re-seal the BBB in mice with genetic
diabetes and obesity (db/db mice). This approach
reversed BBB leakiness based on cellular and functional
measures and normalized hippocampal synaptic plasti-
city. Reinstatement of BBB integrity prevented macro-
phage infiltration into the brain parenchyma and
blocked induction of inflammatory cytokines in fore-
brain mononuclear cells from db/db mice. Analysis of
transmigration revealed greater attraction between
peritoneal macrophages and forebrain mononuclear
cells from db/db mice. Increases in migration were
dependent on interleukin 1 signaling, suggesting that
BBB breakdown enables IL1-mediated macrophage
infiltration and cognitive dysfunction in diabetes and
obesity.

Materials and methods
Animals and drug treatments

Male leptin receptor mutant (db/db) mice and C57BI6J
(Wt) mice were purchased from Jackson Laboratories
(Bar Harbor, Maine) at six weeks of age. After two-
week acclimation, db/db mice were randomly assigned
to receive vehicle (0.5% methyl cellulose; db/Veh) or
the protein kinase CB (PKCp) inhibitor Enzastaurin
(Cayman Chemical, Ann Arbor, MI, USA; db/Enz).
Enzastaurin was administered at 50mg/kg daily by
gavage for two weeks. Wildtype (Wt) mice received
vehicle throughout the treatment period (Wt/Veh).
Because Enzastaurin reduced body weight in Wt mice
to less than 20% of Wt/Veh after two weeks, subse-
quent experiments excluded this treatment condition.
For all groups of mice, body weights were measured
weekly, and food intake data were collected on two
successive days per week. In a subset of mice, glycemic
control was assessed with intraperitoneal glucose toler-
ance testing, as described.”” All of the animal procedures
used in these studies were approved by the Institutional
Animal Care and Use Committee of Georgia Regents
University and followed the NIH Guide for the Care
and Use of Laboratory Animals, and the manuscript
adheres to the ARRIVE (Animal Research: Reporting
in Vivo Experiments) guidelines for reporting animal
experiments.

Fluorescein penetration assay

For assessment of BBB integrity, mice were injected
with sodium fluorescein (NaFI; 10 mg/kg, IP; n=6-8).
Forty-five minutes after NaFl injection, mice were
euthanized by transcardial perfusion with saline under
Isoflurane anesthetic. One hemisphere was excised and
fixed in 4% paraformaldehyde (PFA) for visualization
of NaF]I penetrance in brain sections. The hippocampus
and cortex were excised from the opposite hemisphere
and frozen for extraction and fluorometric quantifica-
tion on a Biotek plate reader (Biotek, VT, USA). The
extraction and quantification procedures were carried
out in a blind manner. Fluorescence emission values
from duplicate wells containing brain extracts were fit
to a standard curve, averaged, and expressed relative to
total protein as determined by Bradford assay. For the
fixed hemisphere, brains were sectioned at 40 microns
using a Vibratome (Leica, Buffalo Grove, IL, USA)
under low-light conditions. After quenching autofluor-
escence in 1% sodium borohydride, sections were
reacted with a polyclonal antibody against NaFl
(Vector Labs, Burlingame, CA, USA). The primary
antibody was amplified using Alexa 488-conjugated
secondary antibodies and sections were counterstained
with DAPI for imaging. Montage images of NaFl
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labeling in hippocampal sections were acquired through
the 10x objective on a Zeiss MTB upright fluorescence
microscopy with the aid of Microlucida software
(Microbrightfield, Williston, VT, USA).

Behavioral testing

Groups of (n=9-11) mice from each cohort were tested
in the Y-maze and novel object preference tests. Testing
in both paradigms was carried out between 18:00 and
22:00 h (lights-off at 1800) under red light illumination,
as described.*>° Testing in the Y-maze involved (6)
left/right choices, with correct choices expressed rela-
tive to the total number of potential alternations.
Novel object recognition testing involved 10-min expos-
ure to two identical objects, followed by 30 min in the
home cage, after which the mouse was returned to
the arena in the presence of one novel and one familiar
object. After Smin of object exploration, the mouse
returned to the home cage for 1.5h before re-exposure
to the familiar object and a different novel object. Test
sessions were captured on video and analyzed offline at
half speed by an observer blinded to the treatment con-
ditions. The duration of each exploratory interval was
recorded and expressed relative to the total amount of
object exploration (novel 4 familiar) for each trial.

Hibpocampal slice preparation and electrophysiology

Hippocampal slice preparation and extracellular rec-
ording followed previously published methods.*>3-3!
Acute slices were cut on a Vibratome (Leica,
Buffalo Grove, IL, USA) into a bath of oxygenated
artificial cerebrospinal fluid (ACSF). After 1 h recovery
at 37°C, extracellular recordings were performed in
ACSF in the presence of 50 uM picrotoxin (Sigma-
Aldrich, St. Louis, MO, USA). For some experiments,
Enzastaurin (1 pM)*? was bath-applied for 30min
before and during the recordings. Electrodes were pos-
itioned in the middle molecular layer superficial to
the dentate gyrus, and medial perforant path inputs
were functionally identified by the presence of paired-
pulse depression (PPD).** PPD magnitude was deter-
mined using interpulse intervals of 50, 200, 500, and
1000 ms, and quantified by expressing the slope of the
second (S2) field excitatory postsynaptic potential
(FEPSP) relative to the first fEPSP (S1). The baseline
stimulation intensity was set at 50% of maximal fEPSP
slope generated from the input/output curve. Stimuli
were delivered at 0.05Hz for baseline and post-
tetanus recording, and LTP was induced with a single
train (1s, 100 Hz). Data were collected using pClamp
version 10.3.4 and analyzed in Clampfit by an experi-
menter blind to treatment condition (Molecular
Devices, Sunnyvale, CA, USA). The n-sizes for

electrophysiological recordings reflect the number of
slice preparations, with (n=12-16) slices from (n=9—
11) mice in each condition.

Forebrain mononuclear cell isolation and flow
cytometry

Forebrain mononuclear cells (FMCs) were isolated
from adult mice according to previously published
protocols.*>?° In brief, groups of (n=8) mice from
each condition were transcardially perfused with
saline under Isoflurane anesthetic. The brain was
removed and the cerebellum was excised and discarded
before preparation of cell suspensions by manual hom-
ogenization. Forebrain mononuclear cells were sepa-
rated by centrifugation on a discontinuous gradient of
isoosmotic Percoll. The 70%/35% interface was col-
lected and washed in Dulbecco’s phosphate-buffered
saline (dPBS) before determination of viability and
yield using the ViaCount assay on a Guava EasyCyte
5 flow cytometer (Millipore, Temecula, CA, USA).

For flow cytometry, cells in suspension (5 x 10* cells/
100 uL) were blocked in 1x dPBS containing 10%
heat-inactivated fetal bovine serum (dPBS+ FBS) for
30min before incubation with a phycoerythrin-Cy5
(PE-Cy5)-conjugated antibody against CD45 and
FITC-conjugated antibodies against CDI11b, major
histocompatibility complex II (MHCII), or Ly6C (all
antibodies from AbD Serotec). After primary antibody
incubation, cells were pelleted by centrifugation and
resuspended in 1 x dPBS+ FBS containing the dead
cell marker Sytox Orange (1:1000; Invitrogen,
Carlsbad, CA, USA). After 10 min of incubation with
Sytox Orange, cells were centrifuged and resuspended
in 500 uL 1 x dPBS for flow cytometry.

Thresholds for acquisition were determined using
isotype controls and compensation parameters were
generated from single-channel acquisition of PE-Cy5,
PE, and FITC-conjugated antibodies or stains. For
each label or combination of labels, 1x 10* events
were acquired on a Guava EasyCyte 5 flow cytometer
(Millipore). Cells were gated on forward and side scat-
ter and Sytox Orange-positive cells were excluded. The
proportion of cells expressing different antigens was
determined using InCyte software (Millipore).

Peritoneal macrophage collection

Peritoneal macrophages were collected from unstimu-
lated wildtype and db/db mice by lavage, as
described.** In brief, mice were housed under patho-
gen-free conditions before being deeply anesthetized
with Isofluorane for cell collection. The abdominal
wall was cleaned with Nolvasan (Fisher Scientific)
and a 1-2cm incision was made through the skin and
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peritoneal muscle just below the xyphoid process. The
muscle layer was lifted with forceps to create a pocket
and SmL of cold dPBS was injected through a blunt
18 g needle. The fluid was then withdrawn and trans-
ferred to a 15mL tube before repeating the procedure
to collect approximately SmL from each animal. Tubes
containing peritoneal fluid were then centrifuged at
400 x g (4°C) for 10 min to pellet cells before resuspen-
sion in DMEM. An aliquot from each preparation was
used to determine yield using the ViaCount assay on a
Guava flow cytometer as described above. The majority
(>90%) of cells collected using this approach were
SSClow/CD11b+/CD454 macrophages based on flow
cytometric analysis.

Migration assays

For analysis of transmigration, FMCs isolated from
(n=8-11) mice in each condition were plated on cover-
slip-bottom 24-well plates in serum-free DMEM
(1 x 10* cells/well). After 2-h adherence, the plating
medium was exchanged for maintenance medium
(DMEM with 5%FBS). Boyden chamber inserts (8
micron pore size; Cell Biolabs, San Diego, CA, USA)
containing peritoneal macrophages in serum-free media
(1 x 10°) were suspended above each well in contact
with the FMC maintenance media. Since FBS itself is
an attractant, control wells with macrophages sus-
pended above DMEM + 5%FBS were run for each
experiment (Supplementary Figure 1A). Additional
control wells containing macrophages suspended
above serum-free DMEM were included to examine
whether macrophages from db/db mice exhibit greater
transmigration in the absence of an attractant
(Supplementary Figure 1B). The final set of control
wells involved plating FMCs below inserts containing
only serum-free DMEM to examine the possibility that
plated FMCs might detach and adhere to the bottom of
the insert (Supplementary Figure 1C).

For some experiments, Enzastaurin (1 pM),** recom-
binant interleukin 1 receptor antagonist (IL1RA,
10 pg/mL*; Sobi Inc., Stockholm, Sweden) or MCPI1
receptor antagonist (RS504393, 350 nM?®®; Tocris
Bioscience) was added to the macrophages in the
upper chamber. In other experiments, antibodies
were added to FMCs in the lower well to neutralize
or inhibit interleukin 6 (0.5pg/mL*’; R&D Systems
Minneapolis, MN, USA) or TNFu (15pg/mL%*;
Abbott Laboratories, Chicago, IL, USA). Plates and
inserts were incubated overnight at 37°C under 5% CO,.

The next day, inserts were either fixed in 4% paraf-
ormaldehyde (PFA) or moved into a fresh well contain-
ing detachment media according to the manufacturer’s
instructions. FMCs plated below the inserts were also
either fixed in PFA or detached and lysed using

reagents from the migration assay kit (Cell Biolabs,
San Diego, CA, USA). Protein lysates were stained
with Cyquant Green according to the manufacturer’s
instructions and transferred to duplicate wells of a
96-well plate for quantification on a fluorescent plate
reader (Biotek). Fixed inserts were stained with DAPI
and imaged through a 10x objective on a Zeiss MTB
epifluorescence microscope.

Protein arrays and western blotting

To generate conditioned media for protein array profil-
ing, 1 x 10° FMCs were isolated from (n=6) mice in
each condition and plated on glass coverslips in
DMEM containing 0.5% heat-inactivated fetal bovine
serum (Gibco). After 2h of adherence in plating
medium at 37°C under 5% CO,, cells were switched
to serum-free media for an additional 2 h before collec-
tion and storage of conditioned media at —80°C.
The cells were then detached by gentle titration with
dPBS before being transferred to tubes and lysed for
protein extraction according to standard protocols.*>
Conditioned media samples were applied to chemilu-
minescent protein array membranes and detected
according to the manufacturer’s instructions (R&D
Systems) before visualization on a Protein Simple digi-
tal imaging system.

Protein extraction and quantification of total protein
by Bradford assay took place as described.*> In brief,
hippocampal protein extracts (50ug) or FMC pro-
tein lysates (20 ug) were loaded and separated through
gel electrophoresis. Proteins were transferred to nitro-
cellulose membranes, blocked in 5% nonfat milk,
and probed with antibodies against claudin 5 (Abcam,
Cambridge, MA, USA), occludin (Abcam, Cambridge,
MA, USA), and B-actin (Sigma-Aldrich, St. Louis,
MO, USA). For cell lysates, membranes were blocked
in 5% bovine serum albumin before being probed with
antibodies against IL1J3, IL6, MCPI1, and TNFa (all
antibodies from Cell Signaling Technologies, Danvers,
MA, USA). Primary antibodies were applied at 1:1000
overnight at 4°C and detected with HRP-conjugated
secondary antibodies directed against the appropri-
ate species. Bands were visualized on a Protein
Simple chemiluminescence imager and band intensities
were quantified in Imagel.

Statistics

Body weights, fat pad weights, and food intake data
were compared across conditions using one-way
ANOVA. Data from glucose tolerance testing and
from the novel object recognition task were analyzed
using one-way repeated measures ANOVA. Western
blot endpoints were analyzed using one-way ANOVA,
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Figure 1.

Oral administration of the blood-brain barrier sealing compound Enzastaurin does not impact food intake, obesity, or

adiposity in leptin receptor-deficient mice. (a) Treatment with Enzastaurin, a PKCR inhibitor previously shown to prevent BBB

. . . . . 26
leakiness in models of infectious disease,

does not cause weight loss in db/db mice when administered daily during the final two

weeks of the study (db/Enz; 50 mg/kg/d, PO). Vehicle-treated db/db and Wt mice received daily oral administration of 0.5% methyl
cellulose (db/Veh, Wt/Veh). (b) Enzastaurin administration had no effect on food intake during the two-week treatment period. (c) db/
db mice reliably exhibit greater adiposity, based on increased weights of individual fat depots relative to body weight. The magnitude of
this effect was unchanged by Enzastaurin treatment. (d) The severity of insulin resistance in db/db mice was unaffected by systemic
Enzastaurin administration. For all graphs, bars or symbols depict the mean of (n = 10) mice in each group. Error bars represent the
SEM and asterisks (*) denote statistical significance at p < 0.05 following one-way ANOVA (a, b, c) or repeated measures one-way

ANOVA (d) with Bonferonni’s post hoc.

as were the electrophysiological and flow cytometry
data, and data from the transmigration assays. All
ANOVA designs used p < 0.05 as the threshold for stat-
istical significance and were followed by post hoc com-
parisons using Bonferroni-corrected r-tests. Analyses
were carried out in Graphpad Prism version 5.0 (La
Jolla, CA, USA).

Results

No effect of PKCB antagonism on body weight
or food intake in db/db mice

db/db mice exhibit severe obesity and insulin resistance
beginning at five weeks of age.>® Treatment with the
PKCp inhibitor Enzastaurin did not affect body
weight in db/db mice when administered daily for two
weeks beginning at eight weeks old (db/Enz; 50/mg/kg/d,
PO; F,,7=12.87, p <0.01; Figure 1(a)). Consistent with
the reductions in body weight reported following admin-
istration of ruboxistaurin, a related PKCp inhibitor,*
Enzastaurin reduced weight gain in Wt mice (two-week

weight gain, grams; mean £ SEM, Wt/Veh=6.5+1.1,
Wt/Enz=2.2+0.9). Because Enzastaurin reduced
body weights beyond inclusion criteria in Wt mice, sub-
sequent experiments did not include this treatment con-
dition. Enzastaurin did not alter adiposity in db/db mice,
as the weights of the inguinal, epididymal, and interscap-
ular fat pads were comparable in db/Enz and vehicle-
treated db/db mice (db/Veh), relative to vehicle-treated
wildtype mice (Wt/Veh; Figure 1(b)). Both db/Enz and
db/Veh mice exhibited similar hyperphagia relative to
Wt/Veh mice (F,,7=10.14, p<0.01; Figure 1(c)), and
the severity of insulin resistance was unaffected by PKCf
antagonism (Figure 1(d)). These measures indicate that
PKCP antagonism does not influence the development
of obesity and diabetes in db/db mice.

PKCpB-mediated blood—brain barrier
breakdown in genetic obesity
We next examined the effects of PKCp antagonism on

BBB integrity. Fluorescein penetrance into the neuropil
was evident on hippocampal sections from db/Veh
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Figure 2. Genetic obesity promotes blood—brain barrier breakdown. (a) Penetration of sodium fluorescein (NaFl), a low molecular
weight fluorophore that does not pass the intact BBB, is more evident on hippocampal sections from vehicle-treated db/db mice (db/
Veh). Increased NaF| penetrance was observed relative to vehicle-treated Wt mice (Wt/Veh) and db/db mice administered the PKCf
inhibitor Enzastaurin (db/Enz). (b) Quantitative fluorometry in hippocampal extracts reveals that hippocampal fluorescein penetrance
is significantly increased in db/Veh mice relative to db/Enz mice and Wt/Veh controls. This pattern was not evident in cortical extracts,
suggestive of regional differences in vulnerability of the BBB. (c) Western blotting for the tight junction proteins claudin 5 and occludin
revealed PKCp-dependent reductions in tight junction protein expression in db/Veh mice. (d) Representative images of western blot
membranes for claudin 5 and occludin. For all graphs, bars depict the mean of (n = 6—8) mice per group, error bars represent the sem,
and asterisks (*) denote statistical significance at p < 0.05 following one-way ANOVA with Bonferonni’s post hoc.

mice, but in sections from db/Enz mice, NaFI fluores-
cence was confined to the vasculature in a pattern
similar to Wt/Veh mice (Figure 2(a)). Qualitative obser-
vations on hippocampal sections were upheld with
direct quantification of NaFl in homogenates, as
Enzastaurin blocked increases in hippocampal NaFl
penetrance (Figure 2(b); F15=15.53, p <0.05). There
was no effect of genotype or PKCp antagonism on cor-
tical NaFl concentrations, suggesting that there may
be regional heterogeneity in susceptibility to BBB
breakdown.

We also quantified expression of the tight junction
proteins claudin 5 and occludin, which are required for
cellular adhesion between adjacent cerebrovascular
endothelial cells.'"® Hippocampal tight junction protein
expression was significantly reduced in db/Veh mice
(Figure 2(c); for claudin 5, F,;5=9.74, p <0.01; for
occludin, F,;5=3.79, p<0.05), and reductions were
PKCp-dependent, as db/Enz mice had levels of claudin
5 and occludin that were similar to Wt/Veh mice
(Figure 2(d)). This pattern of cellular and functional
alterations suggests that db/db mice exhibit PKCp-
mediated BBB breakdown.

Reinstatement of BBB integrity normalizes
hippocampus-dependent memory

To examine the behavioral consequences of BBB break-
down, we measured hippocampus-dependent memory

in Wt/Veh, db/Veh, and db/Enz mice. Spatial recogni-
tion memory was significantly impaired in db/Veh mice,
based on reduced alternation during testing in the
Y-maze (F;,4=9.81, p <0.01; Figure 3(a)). Deficits in
spatial memory were not observed in db/Enz mice,
which performed similarly to Wt/Veh mice (post hoc
t-tests with Bonferroni’s correction: t;5=1.14, ns).
Mice were also tested in the novel object recognition
paradigm, where db/Veh mice showed less preference
for the novel object at the 0.5h and 2h post-
training intervals (F,,4=16.23, p <0.05; Figure 3(b)).
Enzastaurin treatment normalized object recognition,
based on comparable preference for the novel object
in db/Enz and Wt/Veh mice (post hoc t-tests with
Bonferroni’s correction: t;s=0.37, ns). All experimen-
tal groups spent similar total time exploring the objects
(novel + familiar), indicating that changes in novel
object preference are not explained by differences in
motor activity or anxiety (Figure 3(b)). Taken together,
these results suggest that re-establishing BBB integ-
rity prevents memory deficits in genetic obesity and
diabetes.

BBB breakdown impairs hippocampal
synaptic plasticity
To determine whether pharmacological rescue of the

BBB attenuates deficits in hippocampal plasticity, we
recorded long-term potentiation (LTP) in slice
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Figure 3. Pharmacological reinstatement of BBB integrity restores hippocampus-dependent memory and long-term potentiation. (a)
Spatial recognition memory in the Y-maze is impaired in vehicle-treated db/db mice (db/Veh), but is normalized with Enzastaurin

treatment (db/Enz). (b) Novel object recognition memory (left panel) is reduced in db/Veh mice and restored in db/Enz mice. There
were no effects of genotype or Enzastaurin treatment on the total time spent exploring in each trial (right panel). (c) Reinstatement of
BBB integrity in db/Enz mice rescues long-term potentiation at medial perforant path synapses on dentate gyrus granule neurons in
hippocampal slices (left panel). db/Veh mice exhibit smaller increases in the slope of the field excitatory postsynaptic potential (fEPSP)
during minutes 50-60 of recording (right panel), but db/Enz mice are indistinguishable from Wt mice. (d) The ratio of the presynaptic

fiber volley (FV) and the postsynaptic fEPSP slope across a range of stimulation intensities was not influenced by genotype or
Enzastaurin treatment. () Quantification of reductions in fEPSP slope after sequential stimuli (S|, S2) revealed no differences in
presynaptic paired-pulse depression. (f) Direct application of the PKCJ inhibitor Enzastaurin had no effect on LTP deficits in
hippocampal slices from db/db mice (left panel). PKC[ antagonism also did not influence plasticity in Wt slices (right panel). For all
graphs, the height of bars or symbols depicts the average of (n=9-11) mice per condition (a, b), or (n=12-16) slices from mice in
each condition (c—f). Error bars represent the SEM and asterisks (*) denote statistical significance at p < 0.05 following one-way

ANOVA (a-e) or two-way ANOVA (f) with Bonferonni’s post hoc.

preparations from Wt/Veh, db/Veh, or db/Enz mice.
Recordings were made at medial perforant path (mPP)
inputs to the hippocampal dentate gyrus, which were
identified anatomically by their location in the middle
molecular layer, and functionally by the presence of pre-
synaptic paired-pulse depression (PPD).* Consistent
with previous reports,*>3#! slices from vehicle-treated
db/db mice exhibit impaired LTP relative to slices from
Wt mice (Figure 3(c); F22,=28.51, p <0.01). Enzastaurin
treatment eliminated LTP deficits in slices from db/db
mice, indicating that reinstatement of BBB integrity nor-
malizes synaptic plasticity (Figure 3(c); post hoc t-tests
with Bonferroni’s correction: t;5 =0.48, ns; Figure 6(d)).

Analysis of the input—output ratio revealed no differ-
ences between groups (F,»,=0.24, ns; Figure 3(d)),
and PPD magnitude was unchanged (F;,,=0.68, ns;
Figure 3(e)), implying that there may be a postsynaptic
mechanism for synaptic deficits following obesity-
induced BBB leakiness.

PKCP inhibition prevented BBB breakdown in db/
db mice, but PKCp is also expressed in neurons and has
been linked with changes in memory.** To determine
whether LTP reinstatement in db/Enz mice was a direct
effect of PKCp inhibition, hippocampal slices from
untreated Wt or db/db mice were pre-incubated with
Enzastaurin (1 uM) for 30 min before recording, with
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Figure 4. Blood-brain barrier breakdown promotes macrophage infiltration and classical activation in resident microglia from

db/db mice. (a) Experimental timeline for Enzastaurin treatment and isolation of forebrain mononuclear cells (FMCs). (b) Cells were
gated on forward and side scatter (FSC, SSC) and nonviable cells were excluded using the dead cell marker Sytox Orange. (c) Analysis
of CD45hi macrophages and CD45low microglia within the population of CDI b+ cells reveals macrophage infiltration in db/Veh

mice. Increases in CD45hi/CD| Ib+ cells were not detected in db/db mice treated with Enzastaurin (db/Enz). (d) Fluorescence
intensity for the monocyte marker Ly6C also distinguishes between brain-penetrant macrophages (Ly6Chi) and resident
microglia (Ly6Clow). Accumulation of Ly6Chi/CD| Ib + macrophages in db/Veh mice was eliminated by Enzastaurin treatment.
For all histograms, filled regions represent labeling with fluorescence-conjugated antibodies and empty regions show fluorescence
with isotype control. (e) Scatterplots show representative distributions of CD45hi macrophages and CD45low microglia that
express the classical activation marker MHCII. Graph (far right) shows coordinated induction of MHCII in microglia and
macrophages from db/Veh mice that is reversed by Enzastaurin. For all graphs, bar height shows the average of (n=8) mice per
group, error bars represent the SEM, and asterisks (*) denote statistical significance at p < 0.05 following one-way ANOVA

with Bonferonni’s post hoc.

continuous bath application throughout the experi-
ment. This approach revealed that direct inhibition of
PKCp had no effect on LTP in slices from db/db or Wt
mice (Figure 3(f); for the main effect of Enzastaurin,
F126=0.78, ns). These observations are consistent with
the premise that PKCR inhibition reinstates hippocam-
pal synaptic plasticity via indirect modulation of BBB
permeability.

Blood—brain barrier breakdown enables
macrophage infiltration in diabetes

To determine if BBB breakdown promotes macrophage
infiltration in db/db mice, we isolated forebrain mono-
nuclear cells from db/Veh, db/Enz, and Wt/Veh mice
and used flow cytometry to identify microglia and
brain-penetrant macrophages (Figure 4(a)). Freshly
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Figure 5. Induction of pro-inflammatory cytokines in brain-penetrant macrophages and resident microglia is eliminated by rein-

stating BBB integrity. (a) Protein array analysis of conditioned media from forebrain mononuclear cells (FMCs) isolated from vehicle-
treated db/db and Wt mice (db/Veh, Wt/Veh) and from db/db mice administered the PKCJ inhibitor Enzastaurin (db/Enz). Graphs
represent data from db/Veh and db/Enz cells, with each target normalized to the corresponding mean intensity in samples from Wt/
Veh cells. FMCs from db/Veh mice released significantly more interleukin I (ILIp), interleukin 6 (IL6), monocyte chemoattractant
protein | (MCPI) and tumor necrosis factor-o. (TNFa), but induction of these pro-inflammatory cytokines was not detected in cells
from db/Enz mice. (b) Quantification of interleukin | (ILI[) by western blotting in cell lysates revealed increased IL1{ in db/Veh cells,
but not in db/Enz cells. (c) Reinstatement of BBB integrity in db/Enz mice reduced levels of IL6 in cell lysates. (d) FMCs from db/Veh
mice, but not db/Enz mice, exhibit increases in MCPI protein. (€) PKC[ antagonism prevents increases in TNFo in cell lysates from db/
db mice. For all graphs, bar height depicts the mean fold change from Wt/Veh (A) or the group mean (B-E) from (n=6) mice per
condition. Error bars represent the SEM and asterisks (*) denote statistical significance at p < 0.05 following one-way ANOVA with

Bonferonni’s post hoc.

isolated forebrain mononuclear cells (FMCs) were
first gated on forward and side scatter (FSC, SSC;
Figure 4(b)). This strategy routinely revealed a popula-
tion of SSClow events with the morphological and
cytological characteristics shared by macrophages
and microglia. Cells that were positive for the dead
cell marker Sytox Orange were then gated out and
excluded (Figure 4(b)). The proportion of nonviable
cells was routinely <10% and did not differ between
Wt/Veh, db/Veh, or db/Enz mice (nonviable cells as per-
cent of SSClow gated population; mean 4 SEM,
Wt/Veh=8.6+£0.3, db/Veh=9.24+0.5, db/Enz=
9.34£0.4). After applying this gating strategy, analysis
of CD45hi and CD45low cells within the population
of cells expressing the macrophage and microglial
marker CD11b revealed that db/Veh mice exhibit sig-
nificant increases CD45hi/CD11b+cells, relative to
all other groups (Figure 4(c); F,,5=9.31, p<0.01).
Accumulation of CD45hi/CD11b+ macrophages did
not occur in db/Enz mice (Figure 4(c); post hoc
Bonferonni-corrected #-test compared with Wt/Veh, ns).
A similar pattern was detected using antibodies against

the myeloid lineage marker Ly6C, which is also expressed
at higher levels in peripheral monocytes relative to brain-
resident microglia.** db/db mice exhibit significant
increases in Ly6Chi/CD11b+ cells that were eliminated
by Enzastaurin treatment (Figure 4(d); F0=106.47,
p<0.01), consistent with the idea that re-establishing
BBB integrity prevents macrophage infiltration in dia-
betes and obesity.

Parallel activation of microglia and brain-penetrant
macrophages in diabetes

To investigate relationships between BBB breakdown,
macrophage infiltration, and microglial activation,
FMCs from db/Veh, db/Enz, and Wt/Veh mice were
labeled with antibodies against CD45 and the classical
activation marker MHCIL*** Analysis of MHCII
induction in CD45hi and CD45low cells revealed par-
allel activation of microglia and macrophages in db/
Veh mice (Figure 4(e)). MHCII expression was likely
attributable to BBB breakdown, as Enzastaurin treat-
ment eliminated MHCII induction in CD45+ cells
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from db/Enz mice (F;,3=3.87, p <0.05, Figure 4(b)).
Because CD45hi cells made up only a small proportion
(<10%) of gated events in Wt/Veh and db/Enz mice, it
was not possible to accurately measure MHCII expres-
sion in CD45hi cells in these conditions. The primary
conclusion from these experiments is that both
CD45low microglia and CD45hi macrophages are acti-
vated by BBB breakdown in obesity and diabetes.

To investigate the relationships between macrophage
infiltration and cytokine release in obesity and diabetes,
FMCs were isolated from additional groups of Wt/Veh,
db/Veh, and db/Enz mice. Plated cells were maintained
in serum-free media for 2h and conditioned media
samples were collected for protein array profiling.
This approach revealed significant elevations in inter-
leukin 1B (IL1), interleukin 6 (IL6), monocyte chemo-
attractant protein 1 (MCPI), and tumor necrosis
factor-o (TNFa) in media samples from db/Veh cells
(Figure 5(a)). Induction of inflammatory cytokines did
not occur in conditioned media from db/Enz cells
(Figure 5(a)), suggesting that macrophage infiltration
promotes inflammatory cytokine release in FMCs
from db/db mice.

The changes in cytokines detected in conditioned
media were further validated by western blotting in cell
lysates. Consistent with the protein array data, FMCs
from db/Veh mice expressed significantly higher levels of
IL1B, IL6, MCPI, and TNFa (Figure 5(b) to (e); for
IL1B, F,15=7.64, p<0.01; for IL6, F,;3=06.73,
p<0.02; for MCP1, F;,;3=28.54, p<0.01; for TNFa,
F>15=9.32, p<0.01). Expression of these targets in
db/Enz cell lysates was identical to expression in
Wt/Veh cells (Figure 5(b) to (e)), consistent with the
idea that infiltrating macrophages are required for
inflammatory cytokine induction in diabetes and obesity.

Obesity promotes macrophage transmigration by
increasing ILI B

Macrophage infiltration into the brain with diabetes
and obesity could be a passive consequence of BBB
breakdown, or could be attributable to BBB break-
down and attraction by a chemokine gradient. To
examine these scenarios, FMCs from untreated Wt or
db/db mice were plated below peritoneal macrophages
in Boyden chamber inserts. Because FMCs required
serum supplementation in maintenance media during
the overnight exposure, we initially conducted control
experiments to examine transmigration in the absence
of FMCs (Supplementary Figure 1). Peritoneal macro-
phages from Wt and db/db mice exhibit similar trans-
migration in response to media supplemented with 5%
fetal bovine serum (FBS; Supplementary Figure 1A).
Unstimulated migration towards serum-free media
was also comparable in peritoneal macrophages from

either genotype (Supplementary Figure 1B). These con-
trol conditions were run with every experiment and
were used to generate a migration index, with periton-
eal macrophage migration towards media with 5% FBS
subtracted from migration in response to FMCs in
media with 5% FBS. This value was then expressed
relative to negative control wells without cells on a
per-sample basis.

Peritoneal macrophages from db/db mice exhibit
increases in migration, but only when plated above
FMC:s isolated from another db/db mouse (Figure 6(a)
and (b); Fy,3=3.71, p<0.05). Wt peritoneal macro-
phages exhibit similar migration when plated above
FMCs from another Wt or a db/db mouse, suggesting
that both the central and peripheral effects of diabetes
and obesity were required to promote migration across
the synthetic barrier. When FMCs from Wt or db/db
mice were plated below inserts containing only serum-
free media, there was no evidence of detachment from
the wells and adherence to the bottom of the insert
(Supplementary Figure 1C and D). Taken together
with results from the flow cytometry experiments
(Figure 4(c) and (d)), the transmigration results indicate
that signaling between peripheral macrophages and
FMCs might be facilitated by BBB breakdown in obes-
ity. A permissive role for BBB leakiness in macrophage
infiltration is possible based on reductions in brain-
penetrant macrophages following Enzastaurin treatment
in db/db mice (Figure 4(e)). However, the flow cytome-
try results do not rule out the potential direct effects of
PKC8 inhibition on macrophage homing and migration.

To investigate the consequences of PKCP inhibition
for transmigration and attraction between macro-
phages and FMCs, we treated peritoneal macrophages
with Enzastaurin (1 pM) and plated them above FMCs
from Wt or db/db mice (Supplementary Figure 2A). If
the effects of systemic Enzastaurin in db/db mice were
mediated by PKCp inhibition on macrophages, then
direct application of Enzastaurin would be expected
to block attraction between db/db peritoneal macro-
phages and db/db FMCs. These experiments revealed
comparable increases in migration in Enzastaurin-
treated and untreated db/db macrophages plated
above db/db FMCs (F; ,3=6.34, p <0.01). There was
also no effect of PKCP inhibition on migration in Wt
macrophages plated above Wt FMCs (Supplementary
Figure 2B). These results indicate that reductions in
macrophage infiltration in db/Enz mice are not
explained by direct effects of PKC inhibition on per-
ipheral macrophages.

To investigate whether chemokines identified in the
protein arrays mediate attraction between macrophages
and FMCs, we examined migration using a similar
design in the presence of inhibitors and antagonists
against IL1, IL6, MCPI, and TNFa. Incubation with
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recombinant interleukin 1 receptor antagonist (ILIRA)
prevented increases in migration when db/db periton-
eal macrophages were plated above db/db FMCs
(Figure 6(c); Fy23=0.51, ns). By contrast, neutralizing
antibodies against IL6 had no effect on migration
between db/db peritoneal macrophages and db/db
FMCs, indicating that attraction between these cell
types was IL6-independent (Figure 6(d); F;.6=7.98,
p<0.01). The TNFa-binding antibody adalimumab
also did not influence migration between db/db macro-
phages and db/db FMCs (Figure 6(e); F;,7=28.52,
p<0.01), suggesting that communication between
these cell types does not directly involve TNFa.
Increases in migration between db/db macrophages
and db/db FMCs were also detected in the presence of
the MCP1 receptor antagonist RS504393 (Figure 6(f);
Fi,4,=4.64, p <0.05). None of the antibodies or antag-
onists altered migration between Wt peritoneal macro-
phages and FMCs from either genotype, which suggests
that IL1 plays a central role in CNS macrophage infil-
tration in obesity and diabetes.

Discussion

These studies represent the first mechanistic evidence for a
relationship between blood—brain barrier breakdown,
neuroinflammation, and cognitive deficits in type 2 dia-
betes and obesity. Protein kinase CP antagonism
prevented BBB breakdown and normalized hippocam-
pus-dependent memory and synaptic plasticity in db/db
mice. Reinstating BBB integrity also prevented accumu-
lation of brain-penetrant macrophages and eliminated the
induction of classical activation markers in forebrain
mononuclear cells in db/db mice, with commensurate
reductions in inflammatory cytokines. Peritoneal macro-
phages from db/db mice exhibit increased migration
towards db/db forebrain mononuclear cells, and attrac-
tion between these cell types was IL1-dependent. Taken
together, these findings indicate that BBB leakiness facili-
tates hippocampal cytokine induction, macrophage infil-
tration, and cognitive impairment in diabetes and obesity.

db/db mice exhibit early-onset hyperglycemia and
insulin resistance, as well as severe obesity.*” The findings
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in this report suggest that PKCB-mediated BBB break-
down impairs hippocampal function in obesity and dia-
betes by exposing the CNS to circulating immune cells
and inflammatory cytokines. However, questions remain
surrounding the mechanisms that initiate BBB break-
down and macrophage infiltration in these experiments.
On one hand, hyperglycemia increases retinal cerebrovas-
cular permeability by activating PKCPB.?** This
robust and widely replicated finding led to initiation of
clinical trials to determine whether ruboxistaurin, a
related PKCp inhibitor, might treat or delay the progres-
sion of diabetic retinopathy in humans.*’ On the other
hand, nondiabetic obesity promotes cerebrovascular
inflammation, leading to vascular adherence by circulat-
ing immune cells.*** Taken together, previous work in
this area suggests that changes in cerebrovascular perme-
ability and infiltration of peripheral immune cells may be
mediated by dissociable mechanisms in diabetes and
obesity. Future studies will address this possibility using
cell type-specific manipulation of endothelial cells in mice
with obesity, or comorbid obesity and diabetes.

Microglial activation in hypothalamic nuclei is an
increasingly recognized response to metabolic dysfunc-
tion in diabetes and obesity,? and systemic PKCP nta-
gonism could potentially attenuate BBB breakdown
and local inflammation in the hypothalamus, as well
as the hippocampus. However, we observed no reduc-
tions in body weight or changes in insulin sensitivity
in db/db mice treated with Enzastaurin, suggesting
that the effects of PKCp inhibition on metabolism
were limited if present. The time course and regional
extent of BBB breakdown in diabetes has yet to be
characterized, and the temporal onset of neuroinflam-
mation in different brain regions similarly remains to
be determined. These gaps in knowledge constrain
interpretation of the data in this report with respect
to extrahippocampal regulation of BBB integrity and
microglial activation.

Under normal physiological conditions, hippocam-
pal neurons are protected by the BBB, but a number of
brain regions, including the circumventricular organ
and subfornical organ, lack a functional barrier*® and
would therefore be exposed to the PKCP inhibitor.
While PKCB is involved in a range of cellular functions,
the relative efficacy of PKCp antagonism in different
cell types has yet to be determined. The lack of
data on neuronal responses to PKCf antagonism in
the subfornical and circumventricular regions that
lack a functional BBB limits our ability to speculate
regarding the potential direct effects of Enzastaurin
treatment on these brain areas. However, direct appli-
cation of Enzastaurin in hippocampal slices did not
alter LTP deficits in db/db mice, suggesting that
systemic PKCPB antagonism might restore plasticity
indirectly by normalizing BBB integrity.

Activation of cytosolic PKCp promotes membrane
translocation and conformational changes that expose
the ATP-binding pocket.”® Enzastaurin competes
with ATP for binding to catalytic sites required for
PKCp kinase activity.’>> The dose, duration, and
route of administration chosen for experiments in the
current report were based on previous studies demon-
strating restoration of BBB integrity in experimental
autoimmune encephalitis after Enzastaurin treatment.>®
In vitro exposure to Enzastaurin upregulates tight junc-
tion proteins in murine cerebrovascular endothelial
cells without altering basal or stimulated cytokine
release.”® Although the data in the current report
do not conclusively demonstrate that systemic
PKCp inhibition rescues hippocampal function by re-
establishing BBB integrity, LTP deficits in db/db mice
were unaffected by direct application of Enzastaurin.
This result suggests that restoration of synaptic
plasticity and cognition with in vivo administration is
unlikely to be centrally mediated. Moreover, while we
cannot rule out the possibility that reductions in hippo-
campal macrophage infiltration in db/Enz mice might
be mediated by extra-cerebrovascular effects of PKCf
inhibition, there was no direct effect of Enzastaurin on
attraction between peritoneal macrophages and fore-
brain mononuclear cells from db/db mice in these
experiments. These results are consistent with previous
work in models of infection, which suggest that off-target
effects on the transmigration of circulating immune cells
are minimal following systemic Enzastaurin treatment.?
When interpreted in the context of previous work
demonstrating reinstatement of cerebrovascular barrier
function following PKCp inhibition in vivo and
in vitro,?® the results of the current report strongly sug-
gest that rescuing the BBB prevents neuroinflammation
and cognitive dysfunction in obesity and diabetes.

There are a number of scenarios that could contrib-
ute to brain macrophage infiltration in obesity and dia-
betes. Barrier breakdown alone could be sufficient, or
may work in concert with a chemokine gradient from
resident microglia that promotes macrophage infiltra-
tion. Alternatively or in addition, the severity of barrier
breakdown might increase over time, with initial small
increases in BBB permeability allowing circulating fac-
tors to enter the brain and activate microglia, causing
their release of chemokines that attract macrophages
across the progressively leakier BBB. These scenarios
remain speculative at present, and future cell-type-spe-
cific manipulations will be necessary to determine
which mechanism(s) drive brain inflammation and cog-
nitive impairment in type 2 diabetes and obesity. In
human studies, body mass index in middle age pre-
dicted subsequent BBB breakdown, based on analysis
of cerebrospinal fluid and serum albumin levels.'® The
gradual erosion of the BBB in human obesity has
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important clinical implications, as the CNS bioavail-
ability of drugs may be increased with obesity-induced
BBB breakdown. Because the cerebral vasculature is a
more accessible therapeutic target than the CNS,
understanding the role of BBB breakdown in obesity-
induced memory deficits could identify strategies for
the treatment and prevention of cognitive impairment
in obese individuals.
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