RESEARCH PAPER

Human Vaccines & Immunotherapeutics 12:1, 140-149; January 2016; © 2016 Taylor & Francis Group, LLC

Neonatal vaccination with bacille Calmette-Guérin

promotes the dendritic development
of hippocampal neurons
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Dendritic structure is sensitive to changes in the environment during brain development. Accumulating evidence
has demonstrated that early immune activation can significantly affect neuronal development. Our study concentrated
on the morphological study of neural dendrites and spines in the hippocampal CA1 area using Diolistic labeling with
Sholl analysis and fractal analysis. The results revealed that Bacille Calmette-Guérin (BCG) vaccination enhanced
dendritic complexity, as reflected by the increased number of intersections, number of branch points and fractal
dimension, and promoted neurite outgrowth. In addition, BCG increased the density and promoted the maturation of
dendritic spines. The alterations in dendritic structure and spine morphology were observed at 2 and 4 w, but the
differences were more apparent at 4 w than at 2 w. However, no significant difference was observed at 8 w.
Furthermore, we observed that BCG increased the expression of hippocampal brain derived neurotrophic factor (BDNF)
and insulin-like growth factor 1 (IGF-1). Hippocampal BDNF/IGF-1 was positively correlated with apical dendritic length,
fractal dimension, and spine density. Taken together, we show in this study that neonatal BCG vaccination promotes
dendritic development in developing hippocampal CA1 neurons, most likely by increasing the expression of BDNF and

IGF-1 in the hippocampus.

Introduction

It is well-established that systemic immune activation plays
a pivotal role in modulating the central nerves system (CNS).
Early life immune activation can significantly affect neuronal
development.'™ The CNS has the capacity to transform sen-
sory experience from the environment into changes in neuro-
nal activity that, in turn, cause long-lasting alterations in

>

dendritic morphology and synaptic connections.™ Previous
research has shown that vaccination with complete Freund’s
adjuvant (CFA) alone can have a neuroprotective effect.®”
The major immunogenic component of CFA is heatkilled
Mycobacterium tuberculosis. Bacille Calmette-Guerin (BCG)
is an attenuated live bovine tuberculosis bacillus that is closely
related to M. tuberculosis. However, the neuroprotective role
of the BCG vaccination was studied in adult mice in patholog-
ical status, but billions of infants have been vaccinated with
BCG to protect against tuberculosis.'”'" Therefore, the corre-
lation between neonatal vaccination and physiological neural
development is worth exploring.
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The acquisition of proper dendritic morphology is a crucial
aspect of neuronal development that is required for the formation
of a functional network. Dendritic arbors are complex neuronal
structures that receive and process synaptic inputs. Arbor elabora-
tion involves an early stage of dynamic dendrite elongation,
branch addition, and retraction, followed by a later stage of slower
branch dynamics.'®'? Therefore, the present study was designed
to identify the dendritic development of developing hippocampal
CA1 neurons in response to neonatal BCG vaccination.

We concentrated on studying the morphology of their den-
dritic length, dendritic complexity, the density and detailed shapes
of their dendritic spines. To visualize dendritic structure, Diolistic
labeling was used to analyze morphology, dendritic branching and
dendritic spines in the hippocampus. The neuronal processes of
growth and branching during neural circuit formation are regu-
lated by multiple mechanisms. Manipulations that change the bal-
ance of the neurogenic niche have been reported to alter
hippocampal structural development later in life.'* Therefore, we
analyzed neurotrophins to identify the underlying mechanisms for
the alterations of the dendritic morphology.
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Results

Neonatal BCG vaccination promotes dendrite outgrowth
in the hippocampus

The proper dendritic structure of neurons is a crucial aspect of
neuronal development that is required for the formation of a
functional network.® To observe the effects of neonatal BCG vac-
cination on the dendritic structure of hippocampal CA1 neurons,
we assessed the dendritic length at 2, 4 and 8 w. Diolistic labeling
was used to label neurons. Although both neurons and neuroglia
were labeled with Dil, they could be clearly distinguished on the
basis of their morphological features,"> moreover, the hippocaml
areas could also be clearly distinguished. Our findings revealed
that BCG increased the total dendritic length, the average den-
dritic length at 4 w (P < 0.05, Fig. 1C, E) and the apical

dendritic length at 2 (P < 0.05) and 4 w (P < 0.01, Fig. 1D). In
addition to the change in dendritic length, we found that the
number of primary neurites in BCG rats was significantly higher
at 2 (P < 0.05) and 4 w (P < 0.01) compared to the controls
(Fig. 1B). Our results suggest that BCG application promotes
neurite outgrowth by increasing both neurite elongation and the
number of primary neurites in developing hippocampal CAl
neurons.

Neonatal BCG vaccination enhances hippocampal dendritic
complexity

To investigate whether changes in dendritic complexity
accompanied the changes in neurite outgrowth in hippocampal
neurons, we used fractal and Sholl analysis, techniques that have
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been used to measure the complexity of pyramidal neurons.'®!”
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Figure 1. Neonatal BCG vaccination regulates neurite outgrowth in CA1 area. (A) Representative image of a typical pyramidal cell used for analysis. The
different compartments of the dendritic tree are indicated. (B) Histogram comparing the number of primary neurites of hippocampal pyramidal cells,
which were increased by BCG at 2 and 4 w compared to controls. (C, D and E) BCG rats showed a significant increase in total dendritic length, apical den-
dritic length and average dendritic length at 4 w compared to controls. Additionally, BCG increased the apical dendritic length at 2 w. Data are pre-
sented as the mean &+ SEM and analyzed by Student’s t test. n = 9 neurons (3 neurons per pup, and 3 pups). *P < 0.05 and **P < 0.01 versus vehicle

www.tandfonline.com

Human Vaccines & Immunotherapeutics

141



The pyramidal cell body, apical dendrites, basilar dendrites and
even dendritic spines could be recognized by Diolistic labeling.
Neonatal BCG vaccination resulted in a significant increase in
dendritic complexity compared to the controls at 2, 4, and 8 w,
using fractal dimension, the number of intersections and the
number of branch points as indicators of morphological com-
plexity (Fig. 2B-D). Moreover, we found an obvious difference
in the number of intersections between the groups at the range of
50 to 100 pm distance from the soma, which is located in the
stratum radiatum layer.

Neonatal BCG vaccination changes hippocampal spine
morphology

The plastic changes in spine morphology that reflect the
dynamic state of its associated synapse are responsible, to some
extent, for neuronal circuit 1'emodeling.18 We have found that
BCG vaccination enhances neurite outgrowth and dendritic
complexity. Next, we asked whether the spine morphology was
changed by BCG vaccination. As mentioned previously, Diolistic
labeling was used to label spines of CAl neurons. We showed
that BCG vaccination increased spine area and spine head width
at 2 (P < 0.05) and 4 w (P < 0.01); moreover, it also increased
spine density at 4 w (P < 0.01, Fig. 3B, C, E). However, there

was no significant change in spine length between the groups.
Dendritic spines can have different morphology and be divided
into either immature phenotypes with a small head width (filopo-
dia, long thin) or mature phenotypes with a large head width
(stubby, mushroom).'” Therefore, we assessed the density of
the dendritic spines according to their specific morphology
between the vaccinated and control groups. BCG caused a signif-
icant and selective increase in stubby and mushroom spines at
4 w (P < 0.05, Fig. 4C). There was no significant difference in
the density of any subtype at 2 w and 8 w between the 2 groups.
The data described above suggest that BCG vaccination pro-
moted dendritic spine maturation in CA1 area.

Neonatal BCG vaccination increases the expression
of BDNF and IGF-1 in the hippocampus

The neuroprotective role of BCG has been extensively studied
in an adult neurodegenerative disease mouse model, which has
shown that BCG increased the levels of circulating neurosuppor-
tive cytokines/chemokines that may have a supportive effect on

8,
neurons.

? However, there are many differences in the BCG
administered in our study compared with previous research.
Neurotrophins are essential regulators for multiple aspects of

neuronal development and function.”® According to these
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Figure 2. Neonatal BCG vaccination enhances dendritic complexity in CA1 area. (A) Diolistic assay was used to visualize dendrites in pyramidal cells.
Representative grayscale images of typical CON and BCG rat hippocampal neurons used for Sholl analysis and fractal analysis. (B) Graph plotting the
dendritic complexity in relation to the distance to the cell body of hippocampal neurons in the DG under control conditions or BCG vaccination. The
dendritic complexity of neurons expressing the indicated constructs was measured by Sholl analysis. Intersections at various radial distances
(10-200 m) from the center of the cell soma were significantly improved by BCG vaccination at 2 and 4 w. (C) Fractal dimension D of DG neurons in
the different experimental groups. BCG increases the fractal dimension at 2 and 4 w. (D) The number of branch points were significantly increased in the
BCG group at 4 w. Data are presented as the mean = SEM and analyzed by Student’s t test. n = 9 neurons (3 neurons per pup, and 3 pups). *P < 0.05
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Figure 3. BCG improved the dendritic spine density, area and head width in hippocampal CA1 area.
(A) Diolistic assay was used to visualize dendritic spines. Individual hippocampal neurons at 2, 4 and
8 w, respectively (up); representative sections of lateral dendrites in the CON and BCG groups at 2, 4
and 8 w, respectively. The magnified images were below. BCG vaccination increased the spine density
at 4 w (B), and spine area (C) and spine head width (E) at 2 and 4 w compared with the controls. No
profound alterations were observed in the spine length at the 3 time points (D). Data are presented
as the mean = SEM and analyzed by Student'’s t test. n = 9 neurons (3 dendritic segments per neuron,
3 neurons per pup, and 3 pups). *P < 0.05 versus vehicle control.
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reports, it is unclear whether the neuro-
trophin expression was regulated by
BCG vaccination. Our data revealed
that BCG vaccination increased the lev-
els of BDNF (P < 0.01) and IGF-1
(P < 0.05, Fig. 5A) at 2 and 4 w. As
shown in Figure 5B, the association
between apical dendritic length/fractal
dimension/spine density and BDNEF/
IGF-1 were positively correlated. The
specific data were shown in Table 1.
Interestingly, the results showed that the
correlation coefficient was higher at 4 w
than the other 2 time points.

Discussion

In this study, we examine the effects
of neonatal BCG vaccination on the
dendritic development of hippocampal
CA1 neurons in early postnatal rats. Our
results showed a marked increase of den-
dritic complexity, as reflected by the
increased number of intersections, num-
ber of branch points and fractal dimen-
sion. Moreover, there was a significant
increase in the number of primary neu-
rites and dendritic length in BCG rats.
In addition to the change in dendritic
morphology, we found that BCG
enhanced the number of spines and pro-
moted their maturation. Furthermore,
we found that BCG increased the levels
of hippocampal BDNF and IGF-1. Hip-
pocampal BDNF/IGF-1 was positively
correlated with apical dendritic length/
fractal dimension/spine density.

Proper dendrite growth and branch-
ing are crucial for nervous system
function. Accumulating evidence has
indicated that dendritic growth is
remarkably dynamic and responsive to
2122 Dendrites

grow through a multistage process of

environmental  signals.

extension and branching. Dendritic
arbors develop in a highly choreo-
graphed manner. Apical dendrites of
pyramidal neurons form from the lead-
ing process of migrating neurons while
basal dendrites sprout from the cell
body in a characteristic order. For most
neuronal types, dendritic growth is slow
at first but then dramatically increases
with a transient overproduction of den-
drites to achieve the mature dendritic
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arborisation.?>?? Changes in the den-
dritic characteristics examined (number
of intersections, number of branch
points and fractal dimension) were col-
lectively grouped as dendritic complex-
ity in this study. Our data showed that
BCG enhanced the dendritic complex-
ity, which served to increase the avail- longthin™>
able surface area for synaptic contact filopodia
and the capacity for neuronal connec-

tivity.”* Additionally, BCG increased
the dendritic length and number of
greater dendritic

length and a greater number of pri-

primary neurites;

mary neurites increase the number of

possible synaptic contacts and the C
information that may be received by a
dendrite.”> Alterations in dendritic
characteristics indicated that BCG pro-

moted the process of dendritic devel-
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sent a continuous process that shapes
the organization of synaptic networks
during development. Spines are first
formed in early postnatal life, shaped
by experience, and maintained into
adulthood.?® In addition to the change
of dendritic growth, we found altera-
tions of spine morphology in BCG
rats. Specifically, BCG resulted in an
increase of stubby spines and mush-
room spines with large spine head
width, suggesting an increase and an
enhancement of synaptic connections
under these conditions. Indeed, spine
head width is correlated with the size of the postsynaptic den-
sity and the number of a-amino-3-hydroxy-5-methyl-4-isoxa-
zole-propionic acid (AMPA) receptors.”” Tt has been shown
that, upon maturation, the proportion of mushroom spines
with a large spine head width increases, while the prorportion
of long thin spines with a small spine head width decreases.*®
Our results are supported by these findings. In general, the
vast majority of studies examining neuronal structure have
addressed the growth-promoting effects of neonatal BCG vac-
cination on dendritic development.

Interestingly, we found that the significant difference in
the number of intersections was predominantly found at dis-
tances between 50 to 100 pm from the soma. The direction
of the apical dendritic growth was toward the stratum
molecular layer. The position of the intersections ranging
between 50 to 100 pm was located in the stratum radiatum,
which implies that the major influence of neonatal BCG

144

Human Vaccines & Immunotherapeutics

spine

Figure 4. BCG promoted dendritic spine maturation. (A) Representative photo micrograph depicts the
different morphological subtypes of dendritic spines in relation to the dendritic shaft. (B, C and D)
Graph showing the density of spines within each category. BCG increased the density of stubby and
mushroom spines at 4 w (C). There was no significant difference in the density of any subtype at 2 w
and 8 w between the 2 groups (B and D). Data are presented as the mean £ SEM and analyzed by
Student’s t test. n = 9 neurons (3 dendritic segments per neuron, 3 neurons per pup, and 3 pups). For
all graphs, *P < 0.05 vs. vehicle control.

vaccination on the dendritic structure was in the stratum
radiatum.

It should be noted that the alterations in the dendritic struc-
ture and spine morphology were at 2 and 4 w; however, there
was no obvious difference in these data points at 8 w. These
results strongly suggest that BCG vaccination promotes the den-
dritic development of a pool of transient dendrites, which was in
accord with the transient increase of the BDNF and IGF-1 in the
hippocampus. In addition to the transient increase of neurotro-
phins, for those vaccinated with BCG in infancy, there is litte
reason to expect that the vaccination would be a persistent influ-
ence on neuronal development later in life because the BCG-
induced immune responses, as assessed by skin sensitivity to
tuberculin, wane within a few months or, at most, a few years in
humans.*

The development of proper dendritic morphology depends on
the interplay between genetic programming and extracellular
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density and the hippocampal BDNF/IGF-1 at 4 w.

Figure 5. BCG increased the levels of BDNF and IGF-1 in the hippocampus, and there was a positive correlation between apical dendritic length/fractal
dimension/spine density and the hippocampal BDNF/IGF-1. The levels of BDNF and IGF-1 in the hippocampus were normalized analyzed at 2, 4 and 8 w.
BCG increased the levels of BDNF and IGF-1 in the hippocampus at 2 and 4 w (A). Data are presented as the mean & SEM normalized to control and ana-
lyzed by Student’s t test. n = 6 for each group. (B) Pearson correlation analysis was assessed using the apical dendritic length/fractal dimension/spine

signals.?*?%?" Tt is now well established that neurotrophins are
important mediators of neuronal development, where they mod-
ulate dendritic growth and remodeling, membrane receptor traf-
ficking, neurotransmitter release and synapse formation and
function.”*** In our study, neutrophins had a physiological
role in the dendritic architecture in the hippocampus. This obser-
vation is in line with previous work showing that BDNF regu-
lates dendritic architecture during the early development of
hippocampal neurons.** IGF-1 is most abundant in growing pro-
jection neurons that become the largest neurons equipped with
the most extensive dendritic trees in the brain.*® Moreover, IGF-
1 is also highly expressed in early postnatal development when
dendritic process growth is most exuberant.*® The changes in
spine morphology observed here were also in accord with the role
of BDNF and IGF-1 in regulating the structure of dendritic
spines in hippocampal neurons.””*®* However, many different
extracellular molecules have been associated with neurite exten-
sion or restriction.'>***" BCG-induced T-cell responses, and
activated T cells can secrete many neurotrophins, such as nerve
growth factor (NGF), neurotrophins-3 (NT-3), and NT-4/5, in
addition to BDNF and IGF-1.*"** These neurotrophins may
also participate in neuronal development.

Thus, the most sophisticated question for further study is to
demonstrate why neonatal BCG vaccination resulted in the
increased expression of BDNF and IGF-1 in the hippocampus. It
has been reported that early life events can significantly affect the

development of neural processes via their specific impact on cyto-
kine and neurotrophin expression.*>*® Previous research has
shown that neurotrophins, as a bridge between the immune sys-
tem and neuroplasticity, results from the integration of multiple
mechanisms.”” BCG vaccination has long been known to be a
of IFN-vy-secreting Thl responses
Tregs.ls’z*&49 The increase in the levels of circulating immune

potent  inducer and
factors (e.g., cytokines, chemokines or other factors), many of
which can enter the CNS. These immune factors may promote
microglia activation and proliferation and thus increasing the
expression of neurotrophins. The interplay of cytokines and neu-
rotrophins is complex. Neural traffic factors can be secreted by
several types of immune cells, including T cells, microglia, mac-
rophages and mast cells,”™”" particularly after exposing these cells
to various cytokines, including TNF-a, IL-1f and 1L-6.5%%3
Once secreted, these neurotrophins can serve as mediators of the
beneficial effects of immunity on neural development. Taken
together, BCG induced an increase in circulating neurosuppor-
tive cytokines/neurotrophins that may have a supportive effect
on neurons. However, how this or other pro-inflammatory cyto-
kines affect neurotrophins remains to be elucidated.

Several studies have reported the neuroprotective role of BCG
in neurodegenerative disease.*”>*>> In clinical trials, there was a
relatively higher dosage of BCG, which reached 10° CFU or
more, administered to adult mice with pathological changes in
the CNS. However, our research was performed at physiological

Table 1. Correlation analysis between the apical dendritic length/fractal dimension/spine density and BDNF/IGF-1

Apical dendritic length

Fractal dimension (D)

Spine density

R? P R? P R? P
2w 0.769/0.686 0.000/0.003 0.626/0.724 0.010/0.002 0.627/0.641 0.009/0.007
4w 0.875/0.720 0.000/0.002 0.872/0.871 0.000/0.000 0.849/0.72 0.000/0.002
8w 0.375/0.490 0.152/0.054 0.610/0.540 0.012/0.031 0.572/0.503 0.021/0.047
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status and imitated BCG levels for the human infants’ vaccine.
BCG was administered in a single dose of 10°> CFU at PO in our
study. It has been reported that BCG vaccination limited the loss
of striatal dopamine (DA) and dopamine transporter (DAT) and
prevented an increase in activated microglia in the substantia
nigra in the model of neurodegenerative disease.>? Our data
showed that BCG increased the dendritic complexity and pro-
moted neurite growth and the maturation of spines. These differ-
ences may result from differences in the ratio of living/dead BCG
in the inocula, inducing different type of T cells, different levels
of Tregs,”® quantitative and qualitative differences in the induced
cytokines and neurotrophins, differences in the kinetics of their
biodistribution and replication, or other factors. In spite of these
differences, the positive effect on CNS of BCG vaccination were
both demonstrated in pathological and physiological statuses.

Taken together, the results of the present study demonstrate
for the first time that neonatal BCG vaccination promoted neu-
ronal dendritic development in early postnatal rats. The observed
changes of dendritic arborization and of dendritic spine mor-
phology, together with a positive correlation between apical den-
dritic length/fractal dimension/spine density and BDNF/IGF-1,
may reflect enhanced neuronal networks. Moreover, this
enhancement of BCG on dendritic development may be espe-
cially relevant to mechanisms of increased BDNF and IGF-1
induced by BCG vaccination.

Material and Methods

Animals

Newborn litters of Sprague Dawley (SD) rats were purchased
from the Sun Yat-Sen University Laboratory Animal Center
(Guangzhou, China) and were housed in a specific pathogen-free
facility. All procedures were approved by the Sun Yat-Sen Uni-
versity Institute Research Ethics Committee.

Newborn pups were randomly assigned to experimental
groups and matched control groups. Rats administered with
BCG were named the BCG group. The control groups received
injections of sterile phosphate-buffered saline (PBS) using the
same protocol as the BCG group.

Vaccination

The immune procedure of BCG imitated that of the human
infants’ vaccine project.”” BCG was administered in a single dose
at PO. Freeze-dried living BCG (D2-PB302 strain, Biological
Institute of Shanghai, Shanghai, China) was suspended in sterile
PBS. Newborn pups were injected intradermally on the back
with 50 pl/rat of BCG suspension containing 10° colony form-
ing units (CFU), or 50 wl sterile PBS according to a previously

described procedure.”®

Tissue preparation

Slices were prepared using a previously described method.””
Briefly, anesthetized SD rats were transcardially perfused with
25 mM PBS (pH = 7.2) for 3 minutes at 25 ml/min followed
by 1.5% paraformaldehyde in 25 mM PBS for 20 minutes. The
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brains were removed from the skull and post-fixed for 1 hour in
1.5% paraformaldehyde in PBS. Coronal brain slices (200 pwm
free floating) were cut on a vibratome (Leica VT 1000S, Ban-
nockburn, IL). Slices were rinsed and stored in 0.1 M phosphate
buffer (PB) for Dil delivery.

Diolistic labeling

Dendrite and spine morphology of hippocampal neurons
were assessed by quantifying them in neurons labeled with the
fluorescent dye (1-1'-Dioctadecyl-3,3,3’,3’- tetramethylindocar-
bocyanine perchlorate) Dil (CM-Dil, Sigma-Aldrich, USA) in 2,
4 and 8 w old pups.® The gene gun bullets were prepared
according to a previously described method.” Briefly, 8 mg of
gold particles (1.0.m in diameter, Sigma-Aldrich, USA) were
mixed with 2 mg of Dil (CM-Dil, Sigma-Aldrich, USA) and dis-
solved in 300 pl methylene chloride. After drying, the coated
particles were collected in 2 ml water, vortexed on a sonicator for
5 minutes, and immediately transferred to gene gun tubing of
1 mm diameter (BioRad, USA). The tube was allowed to settle
for 1 hour before slowly withdrawing the remaining liquid.
Then, the tubing was dried under a constant nitrogen flow for 30
minutes. The tube was cut into small sections (2 cm in length)
and stored in a desiccated container at 4°C for up to 1 month.
For particle delivery, slices were transferred to a Petri dish and
most of the PB was removed. The Dil-coated particles were
delivered using the Helios Gene Gun system (BioRad, USA) at a
pressure of 150—180 psi helium gas pressure. It is useful to insert
a membrane filter with a 3 pm pore size (Millipore, Billerica,
MA) between the gene gun and the brain sections to prevent clus-
ters of large particles from landing on the tissue, which causes
non-specific labeling and prevents single-cell resolution. After
delivery, the slices were incubated overnight in 0.1 M PB at 4°C
to allow the dye to diffuse along the neuronal processes. Last, the
sections were rinsed 3 times with PB before being mounted on
slides and cover slipped with 65% glycerin in 0.1 M PB.

Photography and confocal imaging

Image acquisition and analysis were performed systematically
by an observer who was blind with respect to the treatment. On
the same day, the brain sections were imaged on a confocal
microscope (LSM 710, Carl Zeiss, Germany) with 20X and 63X
objectives. Images of the complete dendritic profiles of Dil
impregnated cells were captured using a 20X lens with appropri-
ate optical zoom to fill the field of view with the cell. The z-stack
depth was established and the dendritic profile was scanned at
1.0 wm increments along the z-axis. The images were used to
analyze dendritic complexity and length using fractal and Sholl
analysis. The neurites and soma could be clearly displayed using
Diolistic labeling. The areas in the hippocampus could be easily
distinguished depending on the certain arrangement of soma and
the direction of the apical dendrite toward with 10X objectives.
Although both neurons and neuroglia were labeled with Dil,
they could be clearly distinguished on the basis of their morpho-
logical features. Pyramidal cells were identified from their large
and triangular cell bodies and their lengthy axonal projections;
apical dendrites, several lateral and basilar dendrites could also be
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recognized. In the CA1 area, the apical dendrite of pyramidal cell
extends toward the interior (stratum moleculare) and the basilar
dendrites extend toward the exterior (stratum oriens). At least 3
neurons of the hippocampal CALl region per rat were randomly
selected by the same investigator when they met the following cri-
teria:1) neuron strictly located in CAl, triangular soma shape and
apical dendritic extension toward the pial surface, and numerous
dendritic spines, 2) neuron located within the middle of the
thickness of the section, 3) neuron distinct from other neurons
and 4) soma and branches were not obscured by vessels or adja-
cent neurons. Neurons were reconstructed by one investigator
blinded to group identity. Spine morphology was measured sepa-
rately for portions of 3 to 5 selected secondary dendrites per neu-
ron and imaged using a 63X objective by acquiring 3-
dimensional stacks that were z-sectioned at 0.5 wm (1024 x
1024 pixels, x-y scaling = 0.0952 pm/pixel).

Sholl analysis

The dendritic morphological analysis was performed using
Image ] (National Institute of Health;http://rsb.info.nih.gov/ij/).
A 3D reconstruction of the entire dendritic processes of each neu-
ron was made from the z-series stacks of confocal images to ana-
lyze dendritic tree development in the hippocampus. The 2D
projection images were then traced using the NIH Image ] pro-
gram with the Neuron ] plugin. Sholl analysis was performed
using the NIH Image ] Sholl analysis plugin as described previ-
ously.®" Briefly, Sholl analysis was performed on maximum
intensity projections of each image by generating a series of 11
concentric circles of increasing radii (10 pm intervals) centered
at the cell body, using the Image ] Concentric Circles plugin.
The number of dendrite intersections at each circle for each
image was counted,'® and the number of dendrite crossings at
each circle for each condition was calculated by averaging the
number of crossings from every image.

Fractal analysis

Images of the Dil labeled hippocampal neurons were analyzed
by fractal analysis, as it has been shown to be a robust technique
for quantifying the complexity of the neuronal dendritic tree.®*
The fractal dimension of each image was determined by the box-
counting method, based on previous investigations'”®* showing
this technique is the most of the used to analyze the fractality of
neuronal dendritic arborisation patterns. For this analysis, neu-
rons were projected at the same scale, converted to binary files
and skeletonised so that all processes throughout the neuron pro-
file were one pixel in diameter. Low intensity pixels representing
background signal were manually removed. The present study
deals only with the quantitative analysis of dendritic arborisation
patterns, it was necessary to remove the cell bodies and axons
from the digitized images of the neurons. After their removal, the
images were then analyzed using the NIH Image ] program with
the fractal box counter tool. The calculated fractal dimension
(D) had a range of 1 < D < 2 using the fractal box counter. Gen-
erally, the higher the fractal dimension, the more complex the
dendritic pattern.
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Spine analysis

Spine morphology was measured separately for portions of 3
to 5 selected secondary dendrites per neuron and imaged using a
63 x objective by acquiring 3-dimensional stacks that were z-sec-
tioned at 0.5 pm (1024 x 1024 pixels, x-y scaling =
0.0952 pm/pixel). At least 3 neurons per rat were collected. All
segments were imaged from the secondary branches in the apical
dendritic tree and of a similar distance from the cell body across
genotypes. Dendritic spine morphology was analyzed using the
Imaris software package (Version 7.0, Bitplane Inc., St Paul,
MN). Spine density was determined by manually identifying
spines. Spine area, length and spine head width were measured
automatically in the 3D reconstructive stacks, which can classify
spines according to their spine head width.

Enzyme-linked immunosorbent assay (ELISA)

The levels of BDNF and IGF-1 in the hippocampus were
measured at 2, 4, and 8 w using ELISA kits (Cusabio Life Science
Co., Ltd.) according to an optimized manufacturer’s protocol.
Samples were homogenized on ice in buffer (pH 7.6) containing
(in mM): 50.0 Tris—HCI, 150 NaCl, 5.0 CaCl,, 0.02% NaN3,
and 1% Triton X-100. The samples were then centrifuged at
17,000 x gravity for 30 minutes at 4°C. The total hippocampal
homogenate concentration was adjusted to 4.5 mg/ml using an
Enhanced BCA Protein Assay Kit (Beyotime) according to a pre-
vious report.®® The prepared plates were analyzed by the micro-
plate reader (BIO-TEk ELx800, USA) at 450 nm.

Statistical Analysis

Data are presented as the mean & SEM. Differences between
groups were evaluated using Student’s 7 test using SPSS 13.0
(SPSS for Windows). The analysis of the correlation between the
apical dendritic length/fractal dimension and BDNF/IGF-1 was
performed using the Pearson correlation analysis.Statistical sig-
nificance was set at P < 0.05, and analyses were performed in

Graph Pad Prism 5.0 (GraphPad Software).
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