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Introduction

Abstract
Aim: Diabetic depression increases in association with
microvascular complications. We tested a hypothesis that circulating
autoantibodies having anti-endothelial and anti-neuronal properties
increase in subsets of diabetes with co-morbid depression.

Methods: Protein-A eluates from plasma of 20 diabetic
depression patients and 30 age-matched controls were tested
for effects on endothelial cell survival, neurite outgrowth in rat
pheochromocytoma (PC12) cells, or process extension and survival
in adult rat dentate gyrus neural progenitor cells. The protein-A
eluates from depressed or non-depressed, diabetic patients were
injected (via intracerebroventricular route) into mice and 7-10 days
later behavioral tests (sucrose preference, and tail suspension tests)
were conducted to determine whether the autoantibodies induced
anhedonia or despair.

Results: Diabetic depression (n=20) autoantibodies caused a
significant inhibition of PC12 cell neurite outgrowth (P<0.001) or
endothelial cell proliferation compared to autoantibodies in control,
diabetic (n=20) or non-diabetic (n=10) patients without depression.
Process extension and survival in adult rat dentate gyrus neural
progenitor cells was significantly reduced (P<0.001) by diabetic
depression autoantibodies (n= 11) compared to the effects from similar
concentrations (5-7 µg/mL) of autoantibodies in diabetic (n=12) or
non-diabetic patients without depression (n=7). Ten micromolar
concentrations of Y27632, a selective Rho-Associated Protein Kinase
(ROCK) inhibitor, significantly prevented (P<0.0001) neural progenitor
cell process retraction induced by diabetes depression autoantibodies
(n=5). Mice treated with diabetic depression autoantibodies (n=16
from two different patients’ autoantibodies) exhibited significantly
reduced (P=0.027) sucrose preference (anhedonia) compared to mice
treated with diabetic control autoantibodies (n=16 from two different
patients’ autoantibodies).
Conclusion: These data suggest that autoantibodies in a subset
of older adult diabetic depression inhibit endothelial cell survival, and
impair process extension and survival in adult dentate gyrus neural
progenitor cells in vitro.
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Depression affects neurons in the prefrontal cortex and
hippocampus [1] and depression increases among the millions
of older adults affected by diabetes worldwide [2-4]. Although
diabetes and depression share certain risk factors, e.g. physical
inactivity, obesity, inflammation, and hypothalamic-pituitaryadrenal (HPA) axis dysregulation [5], the underlying mechanisms
accounting for the substantially increased prevalence of comorbid depression in diabetes remain poorly understood [6].
One possibility is the well- known association between diabetic
depression and microvascular complications [3], including
diabetic micro-albuminuria [7]. Diabetic micro-albuminuria is a
marker of incipient renal injury and diffuse capillary dysfunction
[8]. Therefore unknown factors elaborated by injured glomerular
capillary endothelial cells might play a causative role in subsets
of diabetic depression.
Fibroblast Growth Factor 2 (FGF2) is a broad spectrum
angiogenic and neurotrophic growth factor [9] which does not
normally circulate, but is sequestered in extracellular tissue
matrices through binding to its low affinity, Heparan Sulfate
Proteoglycan (HSPG) co-receptor [10]. Fibroblast growth factor
2 increases in plasma in micro- or albuminuric diabetes [11] yet
low plasma FGF2 levels occurred together with endothelial cell
inhibitory autoantibodies in subsets of diabetic macular edema,
and /or nephropathy [12,13]. Glomerular loss of HSPG occurs
early in diabetic albuminuria [14] and since HSPG is a known
target for autoimmunity [15], diabetic plasma autoantibodies
which target the HSPG, FGF low affinity receptor may disrupt a
broad spectrum of FGF2-mediated cellular effects [9] in neurons
and endothelial cells.
The Dentate Gyrus (DG) region in the hippocampus is unique
in that it is one of a few brain regions which contain adult neural
stem cells [16]. FGF-2 is widely distributed throughout the rat
brain [17], yet it co-localized together with HSPG in only a few

*Corresponding author email: mark.zimering@va.gov

Autoantibodies in Human Diabetic Depression Inhibit Adult Neural Progenitor Cells In
vitro and Induce Depressive-Like Behavior in Rodents
regions, including the neurogenic region of the dentate gyrus [18].
Adult neurogenesis in the dentate gyrus has been implicated as
an important target for the modulatory effects of stress, exercise,
anti-depressant medications or electroconvulsant seizures in
human depression or animal models of depressive-like behaviors
[19-21]. Major depressive disorder was associated with markedly
reduced endogenous FGF expression in mood-regulatory, frontocortical brain regions [22]. In the present study we tested a
hypothesis that diabetic plasma IgG autoantibodies increase in
subsets of middle-aged or older adult type 2 diabetes suffering
with depression, and interfere with the (in vitro) differentiation
of adult dentate gyrus neural progenitor cells required for their
maturation into adult newborn DG neurons.
We examined plasma autoantibodies in 20 older adults with
type 2 diabetic depression, and 30 age-matched (20 diabetic and
10 non-diabetic) non-depressed patients for effects on endothelial
cell proliferation, neurite outgrowth in rat pheochromocytoma
(PC12) cells, or process extension and survival in adult rat
dentate gyrus neural progenitor cells.

Subjects and Methods

Informed consent was obtained from all study patients prior
to any study procedure. Five of 89 participants enrolled in the
Veterans Affairs Diabetes Trial (VADT) at the VA New Jersey
had a diagnosis of depression and were included in the study. A
control group of 10 VADT participants without depression having
closest matching baseline characteristics (to diabetic depression
subgroup) were chosen from among remaining patients for
whom baseline VADT plasma was available for analysis. All VADT
participants were screened with fasting C-peptide levels and did
not have low C-peptide levels. Thirty-three additional diabetic
or non-diabetic depression or control patients all evaluated in
an IRB-approved VANJ study were selected for further analysis
of the association between plasma autoantibodies and diabetic
depression. Nearly all of the additional diabetic patients had
fasting C-peptide levels which were not low.

Diagnostic methods and subgroups

Depression: All depressed patients were evaluated by
psychiatry staff at the Veterans Affairs New Jersey Healthcare
System. The diagnosis of depression, e.g. (major, recurrent vs.
single episode, not otherwise specified, depressive disorder),
was based on the Diagnostic and Statistical Manual IV criteria in
use during the time period from November 2000 and November
2003 when nearly all patients were diagnosed. Patients were
excluded if they had another psychiatric disorder associated
with depression, e.g. PTSD (n=3), bipolar disorder (n=2), or
had an anxiety or mood disorder alone without depression.
Participants with another neurodegenerative or a neoplastic
disorder previously associated with neurite-inhibitory
autoantibodies, but lacking depression, e.g. dementia, glaucoma,
or newly diagnosed, untreated cancer were excluded from the
analysis. Nineteen of the twenty diabetic depressed patients
were treated with at least one anti-depressant medication for
a minimum of six month’s duration. An exception was an older
diabetic depressed VADT participant who consistently refused
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medication treatment. Response to anti-depressant medication
is defined here as significant improvement in dysthymic mood
and overall functioning following 6-12 months’ of continuous
treatment (including dose-titration) with a single antidepressant medication, and was observed in only 6 of 16 patients.
Treatment monitoring visits with a VA psychiatrist occurred in
active depression patients over a range in durations lasting from
seven months to six years. Data on response to anti-depressant
medication was missing in three of twenty diabetic depression
patients who initiated anti-depressant medication, but refused
follow up visits in psychiatry clinic. None of the depressed
patients in this study required electroconvulsive therapy. Painful
diabetic neuropathy is defined according to previously reported
criteria. Diabetic nephropathy is defined as urinary albumin
excretion ≥ 300 mg/g creatinine or urinary protein excretion ≥
500 mg/g creatinine. Age-related macular degeneration (AMD)
has been reported to be associated with substantially increased
occurrence of co-morbid depression [23]. Five of twenty
diabetic depression and two of twenty diabetic, non-depressed
participants suffered with AMD. Visual impairment secondary to
AMD was moderate-severe in three of twenty diabetic depressed
and one of twenty diabetic, non-depressed patients. Retinopathy
is defined here as the presence of AMD, proliferative retinopathy
or macular edema requiring laser photocoagulation.

Blood drawing: Baseline plasma samples were obtained
from study participants prior to the initiation of study treatment
in the VADT. Plasma samples obtained at the year 3 study visit
were reassessed for endothelial cell autoantibody activity in all
five VADT patients having depression. Plasma FGF-2 level was
determined with a sensitive, specific two-site IRMA as previously
described [24].
Protein-A
affinity
chromatography:
Protein
A
chromatography was carried out as previously described [25].
The protein A eluate fractions consisted of total IgG isolated from
plasma upon low pH elution from the protein A column. The
‘active protein A eluate’ is defined as the protein A eluate which
caused significant inhibitory activity in endothelial cell survival
assays.

Endothelial cell survival assay: Bovine pulmonary artery
endothelial cells (Clonetics, Inc. San Diego, CA) were grown
in Medium 199 plus 10% fetal calf serum and endothelial cell
growth medium (EGM, Clonetics, Inc., San Diego, CA). Endothelial
cell number assays were carried out as previously reported [25].
Confluent cells were trypsinized and plated at 1 to 10 x 103 cells/
well in Medium 199 plus 10% fetal calf serum in 96-well plates.
After 1 or 2 days incubation for cells to reach 60 to 80% confluency,
test fractions (30 µg/mL of protein A eluates of plasma) were
added to wells in quadruplicate. After 48 hours’ incubation in
the presence of test fractions, cells were washed with PBS and
processed for the colorimetric estimation of cell number, i.e. cellassociated acid phosphatase activity, as previously described
[25]. There was a linear relationship between endothelial cell
number and optical density at 410 nm as previously described
[25]. Growth-promoting activity is expressed as a percentage
of the control cell number for cells grown in the absence of test
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protein-A eluate fractions.

Neurite outgrowth inhibition assays: Undifferentiated rat
pheochromocytoma PC12 cells obtained from ATCC (Manassa,
VA) were grown in DMEM containing 10% horse serum, 5% fetal
calf serum and 10 ng/mL bFGF was added in order to induce
neuronal differentiation. Test protein-A eluate fractions (1:50
dilution = 30 µg/mL protein) were added to cells in duplicate or
triplicate and incubated at 37°C for 48 hrs. Next the proportion
of cells expressing a neurite of > 2 cell diameters in length was
counted and compared to the proportion of bFGF- stimulated
neurite cell expression in dishes containing bFGF without added
test fractions as previously described [13].

Adult neural progenitor cells: The stem cells were originally
isolated from the dentate gyrus of adult Fisher 344 rats and were
obtained from Dr. Fred Gage at the Salk Institute. The expanded
cultures from single clones were infected with retrovirus to
express GFP and selected as previously described [26]. The NPCs
were plated at 15,000 cells/cm2 on poly-L-ornithine and laminin
in Dulbecco’s Modified Eagle Medium (DMEM)/F12 medium high
glucose (Omega Scientific, Tarzana, CA) containing N2 supplement
(In vitrogen, Grand Island, NY), L-glutamine (2mM), penicillin/
streptomycin (100 U/ml) (Medium A) and FGF-2 (20ng/ml,
PeproTech, Rocky Hill, NJ). Upon reaching 70-90% confluency,
NPCs were trypsinized with 0.05% trypsin EDTA and plated at
144,500 cells/35mm dish in medium A without FGF-2. Cultures
of GFP+ stem cells between passages 15 and 20 were used in this
study. Test protein-A eluate fractions (5-7 µg/mL protein) were
added to cells on DIV 3 in duplicate or triplicate and incubated at
37°C for 4-6 days. On DIV 7, the proportion of cells expressing a
neurite of > 2 cell diameters in length was counted and compared
to the proportion of cells expressing processes in dishes without
added test fractions. NPC cell survival was assessed on DIV 9 as
the proportion in two groups of 50–150 cells/dish that excluded
0.04% trypan blue.

Behavioral experiments

Surgery: All study procedures were approved by and carried
out in accordance with the local Institutional Animal Care and
Use Committee. Adult (~12 week) c57bl/6 male mice (∼30 g)
were anesthetized with 5% isoflurane. For acute treatment,
antibodies were delivered via intracerebroventicular (ICV)
injection stereotaxically through a 30 gauge needle attached to a
Hamilton syringe. Coordinates were: anteroposterior, −0.1 mm
with respect to bregma; lateral, +1.0 mm; ventral, −3.0 mm with
respect to the surface of the skull [27]. Mice received infusions
of 1 µl of antibodies (4 µg/mL) delivered manually over 1 min.
The needle was left in place for 1 min after delivery to allow for
diffusion of the antibodies. Investigators were blinded to which
groups of mice had received an infusion of diabetic depression or
diabetic control autoantibodies.

Sucrose preference test: One week following antibody
infusions, anhedonia was measured using the sucrose preference
test in each mouse’s home cage. Two different autoantibodies in
each subgroup of diabetic depression or diabetic control patients
were tested on a total of 16 mice. Prior to testing, each mouse
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was acclimated to a 1% sucrose solution for 24 hours, via two50 mL tubes with sipper tops. Following the completion of the
sucrose preference pretrial, two days of sucrose preference were
measured. During this time, each mouse had access to a sipper
tube containing water and another containing 1 % sucrose
water. After one day, the locations of the bottles were switched
to account for potential side preferences. All bottles are massed
before and after each day of testing. Sucrose preference is equal
to the ratio of total sucrose solution consumed to overall total
solution consumed.

Tail suspension test: One day following the completion of
sucrose preference testing (ten days following antibody infusions)
behavioral despair was measured using the tail suspension
test. One autoantibody in each subgroup of diabetic depression
or diabetic control patients was tested on a total of 10 mice.
The open-end of a 25 mL pipette was firmly secured to a metal
shelf raised one-half meters above the bench top using packing
tape. A water bath was positioned below the area of testing as
a safety precaution. The final centimeter of each mouse-tail was
secured to the closed-end of the pipette using ≈ 2 centimeters of
masking tape. Trial duration was six-minutes long. All trials were
videotaped and immobile behavior during the final four minutes
was measured manually by viewing the recording at a later time.

Chemicals

Protein A agarose was obtained from Pierce Chemical Co.,
(Rockford, IL). All other chemicals and reagents were analytical
grade. Heparin (2-O,6-O) sulfated or un-sulfated disaccharides
were obtained from Sigma Chem Co., Inc. (St. Louis, MO.).

Protein determinations

Protein concentrations were determined by a bicinchoninic
acid protein assay kit (Pierce Chemical Co., Rockford, IL).

Statistics

All data are the mean ± SD (Table 1,2) or SEM (Figure 1-4)

Table 1: Baseline clinical characteristics in the study participants.

Age (years)

No Diabetes
Diabetes
No Depres*
Depression No Depression P-Value
sion
(N=20)
(N=20)
(N=10)
60.7+ 11.0
68.4 + 10.9 0.154
67.7+ 17.1**

DM dur (yrs)

19.4 + 11.7

Risk Factor

HbA1c (%)

BMI (kg/m2)

9.2 + 1.4

8.6 + 1.6

0.174

NT

33.1 + 6.1

31.1 + 5.3

0.306

29.0 + 4.3**

13.4 + 11.1 0.117

Insulin use
85
50
0.016^
(%)
HbA1c - Glycosylated Hemoglobin, DM- Diabetes Mellitus, duration), BMIBody Mass Index, NT- Not Tested. * T-test, or ^ χ2 test: comparing diabetic
depression to diabetic, no depression subgroups; **T-test P = 0.38, ** P >
0.05 compared to diabetic depression subgroup.
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as indicated. Comparisons were made by Student’s t-test for a
continuous variable, or by Chi-square (χ2) test for dichotomous
variables with a significance level, P=0.05. For a multiple test,
however, the p-value was adjusted by the Bonferonni correction
method, dividing it by the number of comparisons.

depression [Table 2]. Diabetes depression vs. (no depression
patient subgroups) did not differ significantly in the proportions
with baseline inhibitory endothelial cell autoantibodies or low
plasma FGF-2 concentration [Table 2].

Baseline characteristics in study participants

Protein-A eluates (30 μg/mL) in diabetic depression patients
caused significant (P=0.014) inhibition of EC survival compared
to the protein-A eluates in diabetes without depression [Figure
1]. The diabetic depression protein A eluates (30 μg/mL) also
caused significant (P=0.001) inhibition in EC survival compared
to the protein A eluates from control, non-diabetic patients
without depression [Figure 1].

Results

Diabetic depression patients did not differ significantly
from diabetic patients without depression in the baseline mean
age, body mass index, glycosylated hemoglobin or duration of
diabetes [Table 1]. A significantly higher proportion of patients
in the diabetic depression subgroup (P=0.016) were being treated
with insulin at the baseline study examination [Table 1].

Association between diabetic depression and baseline
microvascular complications

A significantly higher proportion of diabetic depression
patients had baseline diabetic maculopathy (P=0.0098) or
baseline nephropathy (P=0.018) compared to diabetes without

Endothelial cell inhibitory activity in the protein A
eluates of plasma: association with diabetic depression

Neurite outgrowth inhibition in protein A eluates of
plasma: association with diabetic depression

Protein A eluates (30 μg/mL) in diabetic depression patients
caused significant (P<0.001) inhibition of FGF-2 induced, PC12
neurite outgrowth compared to similar concentrations of the
protein A eluates from diabetic or non-diabetic participants

Table 2: Association between diabetic depression and co-morbid microvascular complications.
Risk Factor

Diabetes

Depression
(N=20)

No Depression

P-Value*

(N=20)

No Diabetes
No Depression
(N=10)

ME, AMD (%)

80

40

0.0098

NT

Painful neur (%)

70

40

0.057

NT

Nephropathy (%)
Inhib EC act (%)

Low FGF-2 (%) ^

50
75
88

15
65
65

0.018
0.490
0.101

NT
0**

86 (7)

*χ 2 test comparing diabetic depression to diabetic no depression subgroups. Neur-(opathy), ME- Macular Edema, AMD- Age- Related Macular
Degeneration, NT- Not Tested. ( ) number tested. Inhib-(itory) EC endothelial cell activity represents proportions of study participants having protein
A eluate fraction which caused EC survival < 90%, as described in Methods. **χ 2 test, P = 0.00011 compared to diabetic depression subgroup. ^ Low
plasma FGF-2 is defined as < 4.0 pg/mL

Figure 1: Effect of diabetic depression (or control group autoantibodies) on survival in bovine pulmonary artery endothelial cells. Protein-A eluate
(30 μg/mL) was incubated with bovine pulmonary artery endothelial cells for two days as described in Methods. Results (mean + SEM) are percent
of basal endothelial cell number.
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Figure 2: Effect of diabetic depression (or control group autoantibodies) on neurite extension in A) rat pheochromocytoma (PC12) cells, or process
extension B) or survival C) in adult rat dentate gyrus neural progenitor (NPC) cells. A) Protein-A eluate (30 μg/mL) was incubated with PC12 cells
and bFGF (A), or lower concentration (5-7 µg/mL) B,C) was incubated with NPCs without bFGF as described in Methods. Results (mean + SEM) are
percent of neurite or process extension (A,B); or percent of basal NPC cell number C)compared to no added protein-A eluate. D-F) Morphology in
DIV7 adult dentate gyrus neural progenitor cells after 4 days’ exposure to 5-7 µg/mL concentrations of protein A eluate from D) no added protein-A
eluate fraction E) representative diabetic patient without depression, or F)diabetic depression patient. Unstained cell images, x100 magnification,
were obtained using a Nikon TMS, x10 lens (0.25), phase contrast microscope. Arrows F) indicate smaller cell bodies in neurons exposed to diabetic
depression autoantibodies.
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Figure 3: Rho kinase (ROCK) inhibitor antagonizes neurite-inhibitory or survival-reducing effects of diabetic depression autoantibodies in dentate
gyrus neural progenitor cells A-B) Diabetic depression protein A eluate (5-7 µg/mL) from five different patients was incubated with adult rat dentate
gyrus neural progenitor cells (NPC) in the presence (open bars) or absence (solid bars) of 10 µM concentrations of Y27632, a selective Rho kinase
inhibitor. Results (mean + SEM) are percent of process extension (A); or percent of basal NPC cell number (B) compared to no added protein-A eluate.

without depression [Figure 2a].

Diabetic depression protein A eluates inhibit dentate
gyrus neurogenesis
Neural Progenitor Cells [NPC] develop in close apposition
to capillaries in the dentate gyrus of the hippocampus [28].
Fibroblast growth factor 2 is an autocrine endothelial cell growth
factor [9] important for maintaining neural stem cell survival,
and proliferation [28] in vitro. The diabetic depression protein
A eluates (5-7 µg/mL protein) caused significant (P<0.001)
inhibition of mean NPC process extension [Figure 2b] and

significant (P<0.001) reduction in mean NPC survival compared
to protein A eluates from diabetic or non-diabetic patients
without depression [Figure 2c].
Diabetic depression autoantibodies (5-7 µg/mL protein)
substantially inhibited NPC branching process extension,
and also caused substantial contraction in NPC cells [arrows,
Figure 2f] compared to the morphology in NPC cells cultured
without autoantibodies [Figure 2d or incubated with similar
concentrations of protein A eluates from diabetes without
depression [Figure 2e].
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Figure 4: Effect of intracerebroventricular injection of diabetic depression or diabetic control autoantibodies on depression-like behavior in mice
A) anhedonia (sucrose preference) or B) despair (tail suspension immobility). Four µg/mL concentrations of the protein-A eluate fraction from two
diabetic depression patients or two age-matched diabetic patients without depression A) was injected via the intracerebroventricular route into mice
(total n=16 mice in each test group) in each of two separate experiments. Sucrose preference (mean + SEM) was determined 7 days later as described
in Methods and represents pooled results from the two separate experiments. In the latter of the two experiments, B) immobility in tail suspension
test (mean + SEM) was determined 10 days after ICV injection of protein A eluates (4 µg/mL) from one diabetic depression and one age-matched
control diabetic patient (n=10 mice in each test group), as described in Methods.

Rho kinase inhibitor interferes with inhibitory effects
of diabetic depression autoantibodies on NPC neurite
outgrowth and cell survival
Mean process extension in NPC cells co-incubated with
diabetic depression autoantibodies (5-7 µg/mL) (n=5) and
Y27632 (10 µM) significantly (P<0.0001) exceeded levels in
NPC incubated with diabetic depression autoantibodies alone
(n=5) [Figure 3a]. Mean survival in NPC cells co-incubated
with diabetic depression autoantibodies and Y27632 (10 µM)
was also significantly (P=0.026) higher than the levels in NPC
cells incubated with diabetic depression autoantibodies alone
(n=5) [Figure 3b]. Y27632 alone (10 µM) caused a modest, non-

significant (P=0.077) increase in mean NPC process extension
compared to levels in control, untreated NPC cells (data not
shown).

Effect of proteoglycan or heparin GAG sulfation on NPC
morphology

Heparin or heparan proteoglycan sulfation mediates high
affinity FGF-2 binding, which for the low affinity HSPG receptor,
is required for FGF-2- mediated endothelial cell activation or
PC12 cell neurite expression [9]. In a prior study, sodium chlorate
(30 mM), an inhibitor of proteoglycan sulfation [29], abrogated
diabetic painful neuropathy autoantibody-induced PC12 neurite
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retraction [13].

We next tested for involvement of sulfated proteoglycans or
heparin GAG in the maintenance of a differentiated, neuriticallyextended phenotype in NPC cells cultured without FGF-2. Sodium
chlorate (5 mM) caused NPC dendrites to rapidly detach from the
matrix and degenerate. At higher sodium chlorate concentrations
(10-30 mM), NPC cell bodies also rapidly contracted, detached
from the matrix and died. Ten microgram/mL concentrations of
a specific (6-0,2-0) densely sulfated, heparin disaccharide caused
NPC neurites to retract, and shrink by up to 50% after five minutes.
After an additional five minutes’ exposure, highly branched NPC
cells neurites had acquired a ‘dystrophic’ morphology without
effects on NPC cell body morphology. On the other hand, five-ten
minutes’ exposure to (6-0,2-0) de-sulfated heparin disaccharide
(10 µg/mL) caused NPC neurite- lengthening without any
discernable effect on NPC cell body morphology (data not shown).
The simultaneous addition of 10 µg/mL concentrations of (6-0,20) densely sulfated, heparin disaccharide together with (5 µg/mL)
diabetic depression autoantibodies caused neurite retraction,
dendritic simplification and distal neurite degeneration (after 10
minutes exposure), the latter was characterized by vacuolization,
beading and distal neuritic detachment from the matrix. Diabetic
depression autoantibodies (5 µg/mL) alone caused NPC cell
contraction and modest (15-25%) neurite retraction within 10
minutes of addition to the cells.

Intracerebroventricular
injection
of
diabetic
depression vs control autoantibodies: effect on
depression behavior in mice

ICV injection of low concentrations of diabetic depression
autoantibodies (4 µg/mL) from two different patients caused a
significant decrease (P=0.027) in sucrose preference compared
to mice that received nearly identical concentrations (ICV route)
of autoantibodies from two diabetic control, (i.e. non-depressed)
patients [Figure 4a]. There was a nearly significant association
(P=0.086) between increased immobility in the tail suspension
test in mice (evaluated ten days after) ICV injection of diabetes
depression vs. diabetes no depression autoantibodies [Figure
4b].

Increased endothelial cell inhibitory potency in
diabetic depression protein A eluates

Half-maximal EC inhibitory concentrations (4-7 μg/mL) [33]
of the protein A eluates from low FGF-2, diabetic depression
plasma (n=5) caused significantly (P=0.014) greater mean
inhibition of EC survival (79 + 6%) compared to the protein A
eluates from low FGF-2, diabetes without depression plasma
(n=4) (92 + 2%) (data not shown).

Physiochemical characterization
depression protein A eluates

of

diabetic

Mass spectrometry of diabetic depression protein A eluates
(n=2) revealed MW peaks (56 kD), (112kD), (150kD), (75kD),
(23kD) corresponding to IgG heavy chains, intact IgG, or IgG
light chains, respectively, as previously reported in subsets of
diabetic retinopathic, protein A eluates [13]. Endothelial cell
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inhibitory activity in diabetic depression protein A eluates (n=2)
was inhibited: 50% by treatment with reducing agents, (6 mM
dithiothreitol for 2 hours at room temperature), or 43-75% by
strong heat (95°C for 5 minutes), as previously reported [30].

Discussion

The present data demonstrate that plasma autoantibodies
in older adult type 2 diabetes with ‘difficult-to-treat’ depression
significantly inhibit adult dentate gyrus neural progenitor cell
process extension and survival. To our knowledge, this is the
first evidence that circulating diabetic depression autoantibodies
can impair the differentiation and survival of maturing adult
dentate gyrus neural progenitor cells, a population of cells which
are important in the therapeutic response to anti-depressant
medications.
The association reported here between highly potent anti-EC
autoantibodies and co-morbid depression is striking and novel.
Adult dentate gyrus neural progenitor cells develop in a vascular
microenvironment enriched in angiogenic growth factors [31]
suggesting they may be a target for circulating anti-endothelial,
anti-neuronal autoantibodies. Our finding that maculopathy and
nephropathy were increased in diabetic depression agrees with
previous reports [3]. Since potent diabetic anti-EC autoantibodies
were previously demonstrated to activate Rho A/Rho kinase
signaling in EC [30], and Rho A/Rho kinase activation is associated
with endothelial cell barrier dysfunction [32], diabetic plasma
autoantibodies which can target endothelial or endothelial-like,
vascular cells (i.e. adult neural stem cells) [31] may not only have
a causative role in mediating increased capillary permeability
underlying diabetic macular edema and/or nephropathy, but
also in subsets of co-morbid depression occurring together with
these microvascular complications.

Prior findings and the current data strongly suggest that
subsets of diabetic depression autoantibodies target cell surface
HSPG abundant on neurons and endothelial cells. First, the
diabetic maculopathy/nephropathy autoantibodies bound with
specific, high affinity to heparin Sepharose columns [24]. Second,
they displayed increased binding to PC-12 cell-derived purified
HSPG [13]. Third, the proteoglycan sulfation inhibitor, chlorate,
abrogated autoantibody-induced PC12 neurite retraction [33].
Fourth, the autoantibodies caused endothelial cell contraction,
loss of cell attachment and apoptosis by a mechanism involving
activation of RhoA/Rho kinase, increased intracellular Ca2+
release, and caspase activation [30]. Taken together with the
present finding that diabetic depression autoantibodies caused
contraction and decreased NPC survival (effects which were
mimicked by chlorate ion), diabetic depression autoantibodies
may target sulfated proteoglycans on the NPC cell surface
involved in mediating attachment to heparin-binding substances
in the underlying matrix.

NPC neuritic retraction vs outgrowth was differentially
modulated by densely- sulfated or unsulfated forms of a heparin
disaccharide, respectively. These findings may be consistent
with the reported effects (on neurite outgrowth) of substances
which inhibit or enhance the interaction between (NPC)
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cell surface HSPG and matrix-associated, heparin sulfate- or
heparan sulfate- binding substances [34]. Antibodies which
cross-linked cell surface HSPG were reported to induce Rhodependent cytoskeleton changes, e.g. in actin stress fibers,
mediating fibroblast cell shape changes [35]. Since Rho A/Rho
kinase signaling activation in neurons also mediates dendritic
simplification and neuritic retraction [36], our finding that a
selective Rho kinase inhibitor interfered with neurite retraction
and NPC cell killing by diabetic depression autoantibodies
suggests possible involvement of ROCK activation in the
mechanism of autoantibody-mediated effects in NPCs.

The precise identity and tissue origin(s) of the auto-antigens
targeted by diabetic depression autoantibodies is unknown.
TNF-α induced endothelial cells to express a specific (N-sulfated,
2-O, 6-O sulfated)3 heparan sulfate domain important for
mediating FGF-2 and FGFR binding [37]. Of interest, phage
display-derived antibodies specific for the same, densely sulfated
heparan GAG domain induced apoptosis in lung epithelial cells
[37] consistent with the possibility that tissue fate specification
is mediated in part by HSPG heparan sulfate microstructural
variation. The fine specificity in HSPG GAG saccharide structures
is thought to play an important role in neuronal development
by modulating interactions between cell surface receptors
and heparin binding growth factors whose spatio-temporal
expression is tightly developmentally-regulated [34]. More study
is needed to determine whether autoantibodies arising under
pro-inflammatory conditions such as poorly-controlled diabetes
which target HSPGs elaborated from peripheral tissues, e.g.
glomerular capillary, cross-react with HSPGs expressed in certain
neuronal cells.
Even though adult, obese type 2 diabetes is not a systemic
autoimmune disease, the prevalence of anti-EC autoantibodies
(30%) in a VADT, obese type 2 DM cohort comprised of 182 older
adults [12] was similar to that which was previously reported in
adult type 1 diabetes [38]. More potent anti-EC autoantibodies
were found in a higher percentage (38%) or 117/305 proteinuric,
adult type 2 diabetic nephropathy from the VA-NEPHRON D trial
[39]. Baseline insulin or fibrate medication use were risk factors
significantly inversely associated with the baseline presence of
anti-EC autoantibodies in the VADT cohort [12] consistent with
a possible role for up- or down-regulation of EC heparanase
secretion (in vitro) by pro-inflammatory cytokines [40] or by
insulin [41], respectively in the elaboration of EC-derived HSPG.

Adult rat or mouse NPCs both express HSPG required for FGF2 mediated proliferation [42] with substantially higher HPSG
expression occurring in adult rat NPCs [42]. Whether decreased
neurogenesis plays a role in the induction of depressive-like
behavior, or might be preventable through administration of a
selective ROCK inhibitor are unknown and require further study.
The current data might be consistent with prior reports indicating
that Rho A activation in adult hippocampal neural progenitor cells
suppressed neurogenesis [43]. It is not known, however, whether
suppression of neurogenesis by ROCK-activating autoantibodies
might account in part for the observation that many of the diabetic
depression patients in the current study cohort were poorly-
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responsive to treatment with SSRI anti-depressant medications.

A limitation of our study is that the results may only apply
to older men with longstanding type 2 diabetes who had a
substantial burden of microvascular diabetic complications.
More study is needed in other populations including women with
diabetes. Anti-endothelial, anti-neuronal autoantibodies may
result from tissue injury and have only a limited bystander role
in depression. Yet our preliminary results indicate persistence
of depressive symptoms in 4/4 diabetic patients in whom
plasma autoantibody persisted for three years or longer. On
the other hand, spontaneous disappearance of autoantibodies
was associated with excellent treatment response to a selective
serotonin reuptake inhibitor medication in a 72 year- old man
with major depression.
Depression occurring in older adults remains underrecognized and undertreated [44]. A much larger randomized
study would be required to test whether NPC-targeting
autoantibodies might be useful as a biomarker for the early
detection of depression subsets. Despite accumulating evidence
linking alterations in the rate of adult dentate gyrus hippocampal
neurogenesis with depression, the function of newborn adult DG
neurons in hippocampus networks remains poorly understood
[45]. Since immature adult dentate gyrus neurons were reported
to be hyper-excitable compared to mature DG neurons [45] one
possibility is that DG NPCs might have increased susceptibility to
autoantibody-induced excitotoxicity, as was reported previously
in rat hippocampal neurons exposed to low concentrations of
cancer fatigue/depression autoantibodies [13].

Conclusion

In conclusion, the current data suggest a novel mechanism
by which anti-endothelial cell, anti-neural progenitor cell
autoantibodies may contribute to pathophysiology in subsets of
depression experienced by older adult men with type 2 diabetes
having an increased burden of microvascular complications
including diabetic nephropathy.
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