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SUMMARY

Aims: Nerve growth factor (NGF) eyedrops (ed-NGF) activate brain neurons, stimulate
growth factors, including brain-derived neurotrophic factor (BDNF), and exert neuropro-
tection in the forebrain of streptozotocin-induced diabetic rats (STZ rats). In this study, the
effects of ed-NGF on BDNF signaling in the prefrontal cortex (PFC) were explored in
healthy and STZ-diabetic rats, in which cortical neuronal and axonal loss, and altered circu-
lating BDNF associated with depressive phenotype are also described. Methods: STZ and
healthy (CTR) adult rats received ed-NGF twice a day for 2 weeks. Depressive phenotype
was identified by force swimming test (FST). Proteins extracted from PFC were processed
for ELISA and Western blot analyses to measure the expression of BDNF, proBDNF, and
their receptors and intracellular signals. Results: ed-NGF treatment modulates BDNF path-
way in PFC and normalizes the STZ-induced BDNF alterations by stimulating TRK-mediated
survival mechanism. A decreased latency in FST was also found in STZ rats, while no
change was observed comparing CTR + NGF and STZ + NGF with CTR. Conclusion: The
present data confirm the capacity of ed-NGF treatment to affect brain neurons and lead to
brain damage recovery by activating protective and remodeling pathways triggered by
BDNEF. We suggest that the ed-NGF-induced changes in BDNF signaling might influence the

manifestation of depressive phenotype in diabetic rats.

doi: 10.1111/cns. 12661

Introduction

Nerve growth factor (NGF) is an essential neurotrophin acting on
both mature and immature neuronal cells during the entire life
span [1,2], exerting neuroprotective/reparative actions in the
brain when intracerebrally injected. NGF administered as eye-
drops on ocular surface (ed-NGF) also produces its biological
actions on the retina, optic nerve, and primary visual brain areas,
as well as on a wide range of forebrain regions, including the fron-
tal and occipital cortex [3]. Mature neuronal cells and precursors
respond to ed-NGF treatment, also by producing and/or releasing
neurotransmitters, cytokines, growth factors, including the cog-
nate neurotrophin brain-derived neurotrophic factor (BDNF) in
both healthy [4-6] and pathological conditions [4,7,8].

Recently, ed-NGF has been demonstrated to counteract brain
neurodegeneration in a rat model of diabetic encephalopathy
induced by streptozotocin (STZ) by stimulating the survival of
forebrain cholinergic neurons and neuronal precursors, and acti-
vating neurogenesis in the subventricular germinal area [4,9].
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Besides affecting cholinergic areas, STZ is also reported to pro-
duce axonal degeneration and demyelination in the cortex of rats
as early as 4 weeks after injection [10]. Accordingly neuronal cell
death in the prefrontal cortex (PFC) is associated with the mani-
festation of depressive phenotype in STZ mice [11]. A correlation
between onset of depressive-like behavior and altered structure
and neurotransmission in PFC has also been demonstrated in STZ-
treated mice [12], supporting the observed diabetes and depres-
sion comorbidity in patients [13]. In this context, this study
addresses possible protective effects of ed-NGF against diabetic
encephalopathy rats, with a focus on the neurodegenerative pro-
cess occurring in PFC.

Specifically, we investigated the relationship between STZ and
ed-NGF effects on PFC levels of molecules involved in BDNF-regu-
lated pathways. Our working hypothesis is based on the following
evidence: (1) BDNF is produced in the PFC and regulates cortical
interneuronal activity [14], thus contributing to the modulation
of behavioral functions; (2) BDNF plays a critical role in mood dis-
orders, being downregulated in depression, even in association
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with STZ treatment [11,15,16]; (3) BDNF is upregulated following
antidepressant treatment [17,18]. Importantly, altered BDNF sig-
naling is associated with neuronal death in knockout animal mod-
els [19], and in neurodegenerative diseases [17,20], and BDNF is
suggested as a precipitating disease marker in diabetes [21].
Whether STZ-induced diabetes might affect BDNF and BDNF-
mediated intracellular signaling in PFC is presently unknown.

This study analyzes BDNF signaling in the PFC of healthy and
diabetic rats receiving or not ed-NGF, and its correlation with the
manifestation of depressive phenotype. Confirming our previous
observations [4], we here report that ed-NGF treatment counter-
acts STZ-induced activation of the apoptotic process, while stimu-
lating TRK-mediated survival mechanisms in the brain.

Materials and Methods

Animals, Disease Induction, and ed-NGF
Treatment

A total of 30 Sprague Dawley adult male rats (body weight
200-250 g) were used in this study. Diabetes was induced by
an intraperitoneal injection of streptozotocin (60 mg/kg; Sigma-
Aldrich, St. Louis, MO, USA), and control (CTR) rats received
an injection with physiological solution. Rats were allowed to
drink a 10% dextrose solution overnight. The glucose level in
blood was evaluated at day O (before intraperitoneal injection of
STZ or vehicle) and after STZ injection by glucometer (Contour
XT, Bayer, Germany). Rats with blood glucose levels above
250 mg/dL were diagnosed as diabetic and included in the
experiment to evaluate the effects of diabetes and/or ocular
NGF treatment.

Nerve growth factor was isolated from male mouse submax-
illary salivary glands and purified by a protocol based on the
method described by Bocchini and Angeletti [22]. Purified
NGF dissolved in a physiological solution (0.9% sodium chlo-
ride) at a concentration of 200 ug/mL was used during
treatment.

Rats were divided into four experimental groups: the
STZ + NGF group, including diabetic rats, received two drops
(10 uL each) of 200 ug/mL NGF as eyedrops to both eyes; the
diabetic rat group (STZ) received two drops of physiological solu-
tion per eye; healthy control groups named CTR and CTR + NGF
received ocular treatment with saline and ed-NGF, respectively.
Ocular treatment started 6 weeks after diabetes induction and
was repeated twice a day for 2 weeks. All rats were sacrificed
previa anesthesia at 8 weeks days postinduction (dpi) by decapi-
tation.

During the whole of experimental period, the rats were main-
tained on a 12-h light-dark cycle and provided with food and
water ad libitum. For the housing, care, and experimental proce-
dures, the guidelines indicated and approved by intramural Com-
mittee and Institutional Guidelines of the Italian National
research Council in conformity with National and International
laws (EEC Council Directive 86/609, OJ L 358, 1, 12 December
1987) were followed. Further, the ocular procedures were in
accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and all efforts were taken to
limit the number of rats.
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Diabetes Effects on Body Weight and
Depressive Phenotypes

Body weight (BW) was measured weekly from day 0 and at the
end of the experiment (8 weeks dpi). As reported, diabetic rats
at eighth weeks after STZ induction show a depressive pheno-
type [11] evaluated by forced swimming test (FST), which is
one widely used assay to assess antidepressant efficacy in pre-
clinical studies [23]. FST immobility was therefore measured in
the experimental condition following the previously described
procedure. Briefly, the test was performed by introducing the
rats into a glass cylinder with a height of 60 cm, diameter of
30 cm, water depth of 50 cm (to ensure that the adult rats were
unable reach the bottom with their tails, to keep their noses
above the water), and temperature of 25°C. Immobility time
was considered as rats floating passively, making small move-
ments to keep their heads above the water level [24,25]. The
development of depressive/anxiety behavior was measured by
the latency for the first floating episode and immobility time
(minutes). A 9-min swimming test session was carried out dur-
ing the light phase of the light/dark cycle. Animals were tested
under indirect dim light. At the end of each session, animals
were towel-dried and then transferred into a heated chamber
(37 £ 1°C) for a 15-min warm-up period.

Brain Dissection and Protein Extraction for
Biochemical Analysis

The neurodegenerative effect of STZ in PFC was confirmed using
histological and immunofluorescent staining techniques in a pre-
liminary study. As reported previously [12], altered distribution
of neuronal cells was observed in the cingulate cortex (Cgl) and
motor cortex (M1) of STZ rats (Figure 1D-F) when compared to
the healthy rats (Figure 1A-C). The loss of neurons was con-
firmed by the reduction in cells expressing NeuN in almost all
the cortical layers of STZ rats (Figure 1I) with respect to CTR rats
(Figure 1G), but more in layers II and III, where the presence of
cleaved caspase-3 was also found (Figure 1M,N). Cells expressing
glutamic acid decarboxylase 67 (GAD67) in the V-VI layers were
also affected in STZ PEC (Figure 1L), compared with CTR (Fig-
ure 1H) as also demonstrated an increased colocalization of
GADG67 and cleaved caspase-3 (Figure 10,P,P’). Based on these
data, the PFC area was selected to evaluate the effects of STZ
and ed-NGF treatment on the BDNF signaling-mediated survival
and/death and involved in the regulation of depressive pheno-
type. Six rats per group were deeply anesthetized with an over-
dose of ketamine and xylazine and sacrificed by decapitation.
The PFC was quickly dissected on ice and stored in clean and
sterile tubes at —80°C until use. To extract proteins, the tissue
samples were homogenized by ultrasonication in RIPA buffer
(50 mM Tris—HCI, pH 7.4; 150 mM NaCl; 5 mM EDTA; 1% Tri-
ton X-100; 0.1% SDS; 0.5% sodium deoxycholate; 1 mM PMSEF;
1 mg/mL leupeptin), kept in a cold room on a rotary shaker for
2 h to allow the complete tissue disaggregation and cell lysis,
and then centrifuged at 10,000 g for 30 min at 4°C. The super-
natants were used for total protein concentration measured by
the Bio-Rad assay, and ELISA and Western blot analysis, as
described below.
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Figure 1 (A-P) Histological and immunohistochemical evidences of the STZ-induced neuronal alterations in PFC. Cell loss is observed in the cingulate
cortex (Cg1) and motor cortex (M1) of STZ rats (D—F) when compared to the healthy rats (A—C). Altered distribution of cells expressing NeuN is found the
all the cortical layers of STZ rats (I) respect to CTR rats (G). Compared with CTR (H), STZ also affected the expression of Gad67 in the V-VI layers of PFC (L).
Stain for cleaved caspase-3 (Casp-3) in the Cg1 and M1 areas of CTR and STZ PFC is shown in figures M and N, respectively. Magnifications in figure O, P,
and P’ (Scale bars: 20 um) confirm the presence of apoptosis in both GAD67 cells (yellow stain), and in no GABAergic small cells in the PFC of diabetic rats.
Scale bars: 50 um; antibodies used: mouse anti-neuronal nuclei (NeuN) monoclonal antibody (MAB377, Chemicon International, Temecula-CA, USA),
mouse monoclonal anti-GAD67 (Clone 1G10.2) antibody (Millipore corporation,), rabbit polyclonal cleaved-caspase3 (Asp 175) antibody (#9661, Cell

Signaling Technology, Inc).

Western Blot Analysis

Prefrontal cortex samples prepared as described previously were
utilized for Western blotting (WB) analysis. Specifically, 20 or
40 pg of total proteins were dissolved in loading buffer (0.1 M
Tris—HCI buffer, pH 6.8, containing 0.2 M dithiothreitol, DTT, 4%
sodium dodecyl phosphate, SDS, 20% glycerol and 0.1% bro-
mophenol blue), separated by 8% or 12% SDS-PAGE, and elec-
trophoretically transferred to polyvinylidene difluoride (PVDF) or
nitrocellulose membranes. The membranes were incubated for
1 h at room temperature (RT) with blocking buffer constituted by
5% Bovine serum albumin (BSA) or 5% nonfat dry milk in TBS-T
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(10 mM Tris, pH 7.5, 100 mM NacCl, and 0.1% Tween-20) and
washed three times for 10 min each at RT in TBS-T followed by
incubation overnight at 4°C. Samples were exposed to the follow-
ing primary antibodies rabbit polyclonal anti-TrkB (1:1000, sc-12,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit poly-
clonal anti-proBDNF (1:1000, Millipore corporation, Temecula-
CA, USA), rabbit polyclonal anti-p75 (1:1000, sc-8317, Santa Cruz
Biotechnology), rabbit polyclonal anti-Akt antibody (1:1000,
#9272, Cell Signaling Technology, Inc, Danvers, MA, USA), rabbit
polyclonal phospho-Akt (Ser473) antibody (1:1000, #9271, Cell
Signaling Technology, Inc), rabbit polyclonal anti-stress-activated
protein kinase/Jun-N-terminal Kinase (SAPK/JNK) antibody
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(1:100, #9252, Cell Signaling Technology, Inc), rabbit polyclonal
anti-phospho-SAPK/JNK (Thr183/Tyr185) antibody (1:1000,
#9251, Cell Signaling Technology, Inc), rabbit polyclonal anti-cas-
pase3 antibody (1:1000, sc-7148, Santa Cruz Biotechnology), and
mouse anti-polysialic acid-NCAM (PSA-NCAM) monoclonal anti-
body (1:1000, Millipore corporation). These steps were followed
by incubation for 1 h with 1:10,000 or 1:2000 goat anti-rabbit
immunoglobulin (Ig) G coupled or anti-mouse IgG (Cell Signaling
Technology).

Immunoblot analyses were performed using a chemilumines-
cence detection kit (ECL) as the chromophore (Millipore, MA,
USA). Relative levels of immunoreactivity were determined using
densitometry and the software ImageJ (National Institutes of
Health, Bethesda, MD, USA) for Windows 10. Each reported value
was derived from the ratio between arbitrary units obtained by
the protein band and the respective glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (chosen as housekeeping protein).
Values are expressed as arbitrary OD units, and the data are pre-
sented as means + SD.

Immunoenzymatic Activity (ELISA)

The brain concentration of BDNF was measured using an ELISA
kit (BDNF Emax ™ ImmunoAssay System G7611, Promega, Madi-
son, WI, USA) following the protocol supplied by the manufac-
turer. The colorimetric reaction product was measured at 450 nm
using a microplate reader (Thermo Scientific Multiskan EX, Wal-
tham, MA, USA). Each test was performed in duplicate, and the
data are expressed as picograms per milligram (pg/mg) of protein
and presented as mean + SD.

The phospho-TrkB brain levels were measured using PathScan
Phospho-TrkB (Tyr516) Sandwich ELISA Kit (#7111C, Cell Sig-
naling Technology, Inc) following the protocol supplied by the
manufacturer. The colorimetric reaction product was measured at
450 nm using a microplate reader (Thermo Scientific Multiskan
EX). Values are expressed as arbitrary OD units, and the data are
presented as means £+ SD.
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Statistical Analysis

ELISA and WB experiments were evaluated using GraphPad
Prism 5 software, and statistical analysis was conducted using
one-way ANOVA. Differences between CTR, CTR + NGF, STZ,
STZ + NGF groups were determined by the Tukey—Kramer mul-
ticomparison post hoc test. Means from independent experi-
ments were then expressed as means = SD. For all statistical
analysis, values P < 0.05 or less were considered statistically sig-
nificant.

Post hoc tests: *P <0.05 °P<0.01 vs. CTR; P < 0.05 and
4p < 0.01 vs. CTR + NGF; °P < 0.05, and P < 0.01 vs. STZ.

Results
General Observations of STZ Effects

Compared with the other groups, a significant body weight reduc-
tion, reaching about 20% at the end of the experiment, was
observed in STZ rats. The ANOVA showed a significant effect of
treatments on the body weight. The post hoc analysis confirmed
the significant reduction in body weight in STZ rats starting from
5 weeks dpi, while a recovery was observed following ed-NGF
treatment (P = 0.05; Figure 2A). In healthy rats, no significant
effect of ed-NGF on body weight was found.

Concerning the effects of treatment on mood, a multicompar-
ative analysis shows that diabetes induces a depressive pheno-
type, which is partially recovered by treatment with ed-NGF.
Indeed, a significant reduction in first floating latency during
FST in STZ group compared with healthy controls was found
(Figure 2B; P < 0.05 vs. CTR and CTR + NGF). A significant
increase in latency time was observed in STZ + NGF animals
when compared to the STZ group. Indeed, while STZ rats
showed about 2-min latency, ed-NGF group displayed immobi-
lization after 3-min latency time (P < 0.05). No significant differ-
ences were observed between STZ+ NGF and CTR or
CTR + NGF (Figure 2B).
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Figure 2 (A-B) Effects of STZ and ed-NGF on body weight (A) and on first floating latency by forced swim test (B). Statistically significant changes:

P < 0.05 versus CTR; “P < 0.05 versus CTR + NGF; °P < 0.05 versus STZ.
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Effect of STZ and/or ed-NGF on BDNF and its
Receptors in Rat PFC

ELISA and WB were used to analyze the expression levels in PFC
of BDNF and proBDNF, respectively. Unchanged BDNF levels
were found comparing healthy and STZ rats, even when receiving
NGF treatment (Figure 3A). At variance, WB analysis shows
about a twofold increase in proBDNF in the PFC of STZ when
compared to CTR (P < 0.05) and STZ + NGF (P < 0.05). Levels of
proBDNF in CTR + NGF were similar to controls (Figure 3B).

As to BDNF receptors, STZ and NGF significantly affect the
expression of both p75"™ and TrkB. As shown in Figure 4A,
diabetic rats show increased p75™™® and decreased TrkB expres-
sion levels, while treatment with ed-NGF results in normaliza-
tion of STZ-induced changes. A significant increase in p75~™
mean values was also found in healthy rats receiving treatment
with ed-NGF when compared to respective controls. As far as
TrkB expression is concerned, treatment with ed-NGF
enhanced its levels in both CTR (P <0.01) and STZ rats
(P < 0.05), while a reduction was found in the PFC of diabetic
rats (Figure 4B).

The evaluation of the individual TrkB/p7
confirms the different effects of diabetes and ed-NGF showing that
STZ induces unbalanced BDNF receptor expression, favoring the
p75N"™R. A different trend is observed in healthy and STZ rats
receiving ed-NGF in which the ratio between the two BDNF

SNTR expression ratio

receptor types is enhanced (Figure 4C).

To analyze TrkB activation, its phosphorylation levels were
measured by ELISA. Multicomparative analysis shows that p-TrkB
is decreased in STZ (P < 0.01), and in both CTR and STZ rats
receiving ed-NGF (P < 0.05 and P < 0.01, respectively) compared
with healthy control rats. A significant increase (P < 0.05) was
found in p-TrkB level in the PFC of STZ + NGF rats when com-
pared to STZ (Figure 4D).

e
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Correlation between FST Latency and BDNF

A simple regression analysis was performed to identify possible
correlation between the manifestation of depression mood and
changes in the expression of BDNF and its receptors. No signifi-
cant correlation was found between the latency time (dependent
variable) and the expression levels of BDNF, p75™™®, and TrkB
(data not shown), while proBDNF and p-TrkB resulted correlated
significantly with this FST parameter.

More precisely, inverse (proBDNF) and direct (p-TrkB) correla-
tion with the FST immobilization time measured in the experi-
mental adult rats was found (Figure 5A,B). Similarly, when the
depression phenotype is manifested, the levels of proBDNF and
p-TrkB are increased and decreased, respectively.

Effects of STZ and ed-NGF on the Expression of
PSA-NCAM and its Correlation with FST

As prefrontal cortex neurons express PSA-NCAM and regulate neu-
ronal plasticity [26] and are involved in cortical remodeling in
pathological conditions [27], the effects of STZ and ed-NGF treat-
ment on the PSA-NCAM expression levels in PFC were investigated.

Significant decrease in PSA-NCAM levels was found in STZ PFC
when compared to healthy control rats (CTR = 1.338 £ 0.2666;
STZ = 0.7885 £+ 0.1254; P < 0.05) and rats receiving treatment
with ed-NGF (CTR + NGF = 1.539 + 0.7494 and STZ + NGF =
1.282 + 0.3531; P < 0.05). By contrast, no significant differences
were found comparing CTR + NGF and STZ + NGF with the levels
measured in control healthy rats indicating that treatment with ed-
NGF recover the STZ-induced alteration in PSA-NCAM expression.
In addition, we found that the expression levels of PSA-NCAM in
PEC correlate positively with the latency FST time (Figure 5C), indi-
cating that rats with a disturbed behavior also express high levels of
this adhesion molecule.
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Figure 3 (A-B) The effects of diabetes and ed-NGF on the BDNF (A) and proBDNF (B) content in prefrontal cortex analyzed by ELISA and Western blot,
respectively. A representative WB is showed in the upper side of B. Statistically significant changes: P < 0.05 versus CTR; “P < 0.05 versus CTR + NGF;

€P < 0.05 versus STZ.
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Figure 4 (A-D) Expression of p75NTR and TrkB in prefrontal cortex of CTR and STZ rats with or without ed-NGF treatment, analyzed by Western blot, is
shown in A and B, respectively. The figure on upper side shows the representative Western blots for the two NGF receptors. C reports the graph of TrkB
and p75NTR ratio in the PFC of the different rat groups. The p-TrkB levels were measured by ELISA, and results are shown in D. Statistically significant
changes: °P < 0.05 °P < 0.01 versus CTR; °P < 0.05 and °P < 0.01 versus CTR + NGF; ® P < 0.05 and versus STZ.

Effects of STZ and NGF on BDNF Intracellular
Signals

As BDNF/proBDNF binding to TrkB or p75~'® activates different
intracellular pathways, WB analysis was used to measure the
effects of STZ and NGF on the expression levels and phosphoryla-
tion of two major downstream signaling molecules, namely Akt
and SAPK/JNK (Figure 6).

Compared with CTR, a decrease of about 80% of phosphory-
lated Akt (p-Akt) levels was found in STZ PFC, but a significant
reduction was also found in CTR + NGF (about 50%) and
STZ + NGF (about 45%; Figure 6B, Panel A). When the relative
individual ratio of p-Akt/total Akt was considered, a significant
decrease was found in both STZ and STZ + NGF, but not in
CTR + NGF (Figure 6D, Panel A).

© 2017 John Wiley & Sons Ltd

Moreover, STZ rats showed no significant variation of phos-
phorylated JNK (p-JNK) levels when compared to CTR, while
treatment with ed-NGF in healthy and diabetic rats
(CTR + NGF and STZ + NGF) caused a significant decrease in
p-JNK levels (P < 0.01; Figure 6B, Panel B). No changes were
found in the levels of total JNK (Figure 6C, Panel B), and thus,
the p-JNK/JNK ratio confirms the effects of STZ and ed-NGF
on the phosphorylation levels of both JNK isoforms (46 kDa
and p54).

The caspase-3 expression level was significantly higher in STZ-
treated rats (STZ = 1.242 + 0.14 relative OD**° + SD; P < 0.01)
compared with CTR (=0.946 £ 0.052) and STZ + NGF =0.618
+ 0.168; P <0.0l. No significant changes were found in
CTR + NGF (=0.782 £ 0.123) and STZ + NGF when compared
with CTR group.
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Regression plot ANOVA Table
(A) FST vs. probdnf
(l) 1 1 L 1 1 1 1 1 Row exclusion: STZ boby FST
4.00 - 0 L DF Sum of Squares Mean Square F-Value P-Value
4 - Regression 1 36045.900 36045.900 9.534 .0054
Residual 22 83174.600 3780.664
Total 23 119220.500
Regression coefficients
FST vs. probdnf
Row exclusion: STZ boby FST
Coefficient  Std. Error  Std. Coeff.  t-Value  P-Value
750 1250 1750 2250 2750 2250 Intercept 396.060 36.190 396.060 | 10.944 | <.0001
probdnf probdnf -.067 .022 -.550 | -3.088 .0054
Y =396.06 - .067 * X; R*2 = .302
Regression plot
(B) 9 P ANOVA Table
1. | 1 | I | | P | PR . | FST vs. ptrkb
Row exclusion: STZ boby FST
4.00 - DF Sum of Squares Mean Square  F-Value P-Value
T Regression 1 66695.569 66695.569 | 27.935 [ <.0001
3.50 Residual | 22 52524.931 2387.497
2 1 Total 23 119220.500
o 3.00
2.50 Regression coefficients
d FST vs. ptrkb
2.00 Row exclusion: STZ boby FST
* T Coefficient  Std. Error  Std. Coeff.  t-Value  P-Value
Bl Sl sl vl R Al Sl eSS Intercept 149.703 28.578 149,703 5.238 | <.0001
80 120 160 200 240 280 kb 864 164 748 | 5285 | <0001
ptrkb
Y =149.703 + .864 * X; R*2 = .559
(C) Regression plot ANOVA Table
FST vs. psa ncam
o R L 1 Ll - Row exclusion: STZ boby FST
4.00 - DF Sum of Squares Mean Square F-Value P-Value
E Regression 1 27192.872 27192.872 6.501 .0183
3.50 - Residual 22 92027.628 4183.074
E Total 23 119220.500
= 4
» 3.00 i
2,50 7 Regression coefficients
g FST vs. psa ncam
2.00 Row exclusion: STZ boby FST
. . T . T — - T ; Coefficient  Std. Error  Std. Coeff. t-Value P-Value
600 1000 1400 1800 2200 2600 Intercept 205.787 36.026 205.787 5.712 <.0001
psa ncam psa ncam .069 .027 478 2.550 .0183
Y =205.787 +.069 * X; R*"2=.228

Figure 5 (A—C) Correlation between FST immobilization time and the PFC expression of proBDNF (A), p-TrkB levels (B), and PSA-NCAM (C). Both p-TrkB levels

and PSA-NCAM are positively correlated with the FST immobilization time (P < 0.01), while a negative correlation was found for proBDNF (P = 0.0054).

Discussion

This study investigated the effects of diabetes and/or ed-NGF treat-
ment on the expression level of BDNF and its receptors in PFC

204 CNS Neuroscience & Therapeutics 23 (2017) 198-208

using STZ-induced diabetes in adult male rats as the experimental
model. The data presented herein confirm that ed-NGF exerts
effects in the pathological brain and suggest a potential mecha-
nism of action of ed-NGF treatment by demonstrating the
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Figure 6 Inthe Panel A, the effects of diabetes and ed-NGF treatment on the expression levels of p-Akt and Akt are shown in the representative Western blot
(A) and graph (B-D). The ratio between phospho-Akt and total Akt protein expression is shown in the graph of D. Panel B. The representative Western blot
image of JNK is shown in A. The electrophoresis shows two bands at 46 kDa and 54 kDa correspond to the JNK1 isoform, and the unseparated JNK2 and three
isoforms, respectively, in their phosphorylated and no phosphorylated status. The WB quantification analyses of the p-JNK and total JNK in PFC in the different
rat groups are reported in the graphs of B and C. The ratio between p-JNK and total JNK protein expression is shown in the graph of D. Statistically significant
changes: °P < 0.05 and °P < 0.01 versus CTR; P < 0.05 and %P < 0.01 versus CTR + NGF; °P < 0.05 and P < 0.01 versus STZ.
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modulation of BDNF signaling in prefrontal cortex and the recov-
ery of STZ-induced FST immobilization time.

Altered expression of BDNF and its receptors and neuronal
damage and plasticity have been described in the prefrontal cortex
and correlated with the emergence of behavioral and mood distur-
bances in patients and animal models of neurodegenerative dis-
eases [28]. Similar to that which occurs in patients [29], reduced
levels of BDNF are found in the serum of STZ rats [30], but
whether diabetes also induces alteration in BDNF in PFC has not
been tully investigated previously.

In line with previous studies [12], we found that STZ induces a
loss on neurons in all the layers of the prefrontal Cgl and M1
areas. Increased expression of cleaved caspase-3 was found in the
same areas, and in GAD67-positive neurons in V-VI layers. The
preliminary histological observations were confirmed by the Wes-
tern blot analysis, which showed increased levels of proBDNF and
p75"™ and enhanced caspase-3, in the prefrontal cortex of STZ
rats. Phosphorylation of TrkB and Akt was also reduced, suggest-
ing that apoptotic signals are favored in STZ PEC with respect to
the TrkB-mediated survival pathway. A similar scenario is
reported in other neurodegenerative diseases [31], stress condi-
tion, and depression [28], which are associated with neuronal
death and axonal degeneration, and/or altered plasticity. The evi-
dence that inhibition of proBDNF [32] or infusion of TrkB agonists
[33,34] might reverse the neurodegenerative process in animal
models further supports the concept that an unbalance between
BDNF maturation and TrkB/p75NTR expression is trigger event of
apoptosis in the brain.

In our experimental conditions, we also found that ed-NGF
treatment normalizes the STZ-induced alteration in PFC by
increasing the TrkB/p75N"® ratio and TrkB phosphorylation, and
reducing the levels of proBDNF. No variation caspase-3 was found
in PFC of STZ + NGF rats when compared to healthy controls indi-
cating that ed-NGF treatment counteracts the STZ-induced activa-
tion of the apoptotic pathway. In this context, it is worth noting
that the phospho-JNK level was not significantly altered in STZ
PFC, while it is decreased in both CTR and STZ rats receiving treat-
ment with ed-NGF. As the increase and cleavage of caspase-3
occurs in STZ but not in rats receiving ed-NGF, it is reasonable that
treatment with NGF does not induce apoptotic pathways in PFC,
and suggests other mechanisms and intracellular pathways under-
lying neuroprotection in the STZ brain.

The JNK pathway plays different roles, regulating neuronal sur-
vival and maintenance in both developing and adult brain, and
thus influences animal behavior and metabolism [35]. Recently,
JNK activation in microglia, endothelial cells, and neuronal pro-
genitors has been indicated as a key event during neuroinflamma-
tion and blood-brain barrier (BBB) degeneration [36]. In
addition, different studies demonstrate the survival effect of the
nuclear factor kappa-light-chain enhancer of activated B cells
(NF-xB) in mediating suppression of JNK cascade during inflam-
mation, also occurring in diabetic brain [37].

Inflammation, BBB damage and microvascular integrity, and
permeability are indicated as the causes of neurodegeneration in
diabetic encephalopathy, and in turn of neurobehavioral deficits
observable in both insulin-dependent and independent diabetes
[38]. Dysregulation of glia and endothelial cells, and increased
proinflammatory cytokines (TNF-«, IL-6, IL-1, IL-4), and oxidative
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stress markers, and Ros pathways [39] are reported in the STZ
brain, followed by the activation of NF-xB. Reduction in caspase-3
in STZ brain areas, including the hippocampus and the cortex, and
amelioration of behavioral impairment are associated with
reduced proinflammatory cytokines, and NF-xB activation, and
increased antiinflammatory cytokines such as IL-10 and CREB
phosphorylation [40,41], supporting the role of inflammation in
diabetes-induced neurodegeneration and neurobehavioral alter-
ations.

Both BDNF and NGF are able to modulate inflammatory media-
tors in the brain [42], and NGF has been shown to exert antiinflam-
matory actions iz vivo and in vitro by suppressing the inflammatory
cascade and/or activating antiinflammatory mechanisms, includ-
ing the production of IL-10 [43]. Recently, we reported that treat-
ment with ed-NGF in an animal model of brain inflammation
reduces the sign of inflammation, and the levels of proinflamma-
tory chemokines and cytokines, as well as of endothelial markers
in the brain [8], further supporting the ability of NGF to counteract
inflammatory-mediated neurodegeneration in vivo [42].

Whether the effect of ed-NGF treatment on BDNF and intracel-
lular signals is associated with reduced inflammation and/or mod-
ulation NF-«B/CREB pathways in PFC, and which cell types are
involved in this process were not addressed questions in the pre-
sent study and remain to be determined. Indeed, cells other than
neurones, including astrocytes, microglia, and oligodendrocytes,
as well as nonneuronal cells which express TrkA/B and p75~™
[44], might be affected by the STZ-induced neurotrophin receptor
unbalance in PFC, and therefore respond to ed-NGF treatment.
Morphological and molecular aspects of ed-NGF’s actions in adult
PFC in both healthy and diabetic conditions are currently under
investigation in our laboratory.

Although the intracellular mechanism of action of ed-NGF
needs to be better understood, our data are in line with the
hypothesis that the depressive phenotype in diabetes correlates
with neuronal dysfunction in the PFC, and altered BDNF signaling
[11]. The fact that ed-NGF treatment was effective in suppressing
the depressive phenotype in diabetic animals but did not alter this
specific behavioral response in healthy rats, as previously reported
[4], supports the lack of neurodegeneration in the PFC of
CTR + NGF.

Further, the findings that PSA-NCAM was increased only in
STZ rats receiving ed-NGF but not in CTR + NGF and that the
increased latency time in STZ rats is correlated with high levels of
proBDNF, but low phosphorylation of TrkB and PSA-NCAM
expression, also suggest a different effect of ed-NGF treatment in
healthy and diabetic PFC.

PSA-NCAM has been reported in PFC neurons [45] and
demonstrated to be involved in neuronal plasticity activated by
depression [27,43], and antidepressants [46]. The presence of
PSA-NCAM in neurons potentiates the BDNF action and TrkB
phosphorylation, while the loss of the PSA tail of NCAM results in
a decreased level of TrkB phosphorylation, suggesting that PSA-
NCAM could interfere with early events in the BDNF signaling
cascade [47,48]. Based on these data, our finding that ed-NGF
induces the TrkB phosphorylation and increases PSA-NCAM in
PFC indicates that the activation of neuronal plasticity might also
contribute to compensate the STZ-induced brain and behavioral
alterations.

© 2017 John Wiley & Sons Ltd
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BDNF is involved in the etiopathology of depression by activat-
ing several intracellular pathways including inositol triphosphate
kinase (PI3) through its high-affinity receptor, TrkB [49], and
antidepressants show neuroprotective and modulatory actions
by stimulating TrkB phosphorylation, while on the contrary,
proBDNF through p75™'™® signaling would be prodepressant [50].
PI3 kinase is also necessary to PSA-NCAM-induced neuronal
growth and plasticity, as well as survival [51]. The possibility that
the IP3 pathway is activated in the PFC of STZ rats and/or by
treatment with ed-NGF is currently under investigation in our
laboratory.

In conclusion, the present study, for the first time, demonstrates
the effects of both STZ and ed-NGF on BDNF signaling in the PFC
and their correlation with the diabetes induced manifestation of a
depressive phenotype in adults. Although the possibility that pro-
longed time of treatment or increased dosage might produce
adverse effects in both healthy and pathological conditions cannot
be ruled out, the present study supports previous observations
demonstrating the safety of ed-NGF treatment in healthy humans

NGF Modulates BDNF Signaling in Cortex

[52], and its efficacy in model of neurodegeneration [4,8]. We also
feel that the findings reported herein might be useful for the
design of future studies addressed to better understand the role of
neurotrophins in the mechanisms at the base of comorbidity
between mood disorders and diabetes.
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