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Abstract
Opiates, such as morphine, decrease neurogenesis in the postnatal hippocampal subgranular zone
(SGZ) by inhibiting progenitor proliferation and maturation. However, it is not known how morphine
influences the growth factors and vasculature that encompass the neurogenic SGZ
microenvironment. We examined morphine’s effect on pro- and anti-proliferative factors in the
dentate gyrus (DG; Experiment 1) as well as the DG neurovasculature itself (Experiment 2). For
Experiment 1, mice were implanted with sham or morphine pellets subcutaneously (s.c.; 0 and 48
hrs) and were decapitated 24 or 96 hrs later. One brain hemisphere was post fixed to examine
proliferation by immunohistochemistry, and a DG-enriched sample was dissected from the other
hemisphere to examine the neurogenic microenvironment via immunoblotting for known pro- and
anti-proliferative factors. Consistent with previous results, morphine decreased the number of
proliferating cells in the SGZ, as the number of Ki67-immunoreactive (IR) cells was decreased at 96
hrs. Morphine did not alter DG levels of the pro-proliferative factor BDNF, anti-proliferative factor
IL1β, or their receptors TrkB and IL1R1 at either time point. However, morphine increased the pro-
proliferative factor VEGF at 96 hrs. Given that VEGF is also a potent angiogenic factor, Experiment
2 examined whether the morphine-induced increase in VEGF correlated with altered DG
neurovasculature. Mice were implanted with morphine pellets as in Experiment 1, and two hrs before
perfusion (24 or 96 hrs) were administered bromodeoxyuridine intraperitoneally (BrdU, i.p.; 150
mg/kg). Tissue was co-stained for BrdU and the endothelial cell marker endoglin to enable
examination of DG vessels and proximity of BrdU-IR cells to endoglin-IR vessels. At 96 hrs,
endoglin-IR vessel area and perimeter were increased, but proximity of BrdU-IR cells to endoglin-
IR vessels remained unchanged. These data suggest that following chronic morphine exposure,
factors within the neurogenic microenvironment are maintained or upregulated to compensate for
decreased SGZ proliferation.
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Introduction
Neurogenesis occurs in two primary brain areas in the postnatal mammalian brain: the
subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) and the subventricular zone
(SVZ) (Altman and Das, 1965; Ming and Song, 2005; Monje et al., 2002). Progenitor cells in
both the SGZ and SVZ reside in neurogenic niches rich in vasculature and key factors, such
as vascular endothelial growth factor (VEGF), interleukin-1β (IL1β), and brain-derived
neurotrophic factor (BDNF) (Riquelme et al., 2008), and often proliferate in close proximity
to vasculature elements (Heine et al., 2005; Mercier et al., 2002; Palmer et al., 2000). Many
studies show a correlative relationship between manipulation of factors in the neurogenic niche
and hippocampal neurogenesis. For example, exogenous application of growth factors and
cytokines alters SGZ proliferation (Jin et al., 2002; Koo and Duman, 2008; Scharfman et al.,
2005) and even influences hippocampal functions such as learning and memory (Cao et al.,
2004; Mustafa et al., 2008; Warner-Schmidt et al., 2008). However, fewer studies have
examined whether stimuli known to impact adult SGZ neurogenesis lead to alterations in
hippocampal levels of factors such as BDNF, IL1β, or VEGF or changes in the vasculature.

Chronic opiate exposure negatively impacts SGZ proliferation and thus can be useful to
elucidate the relationship between the neurogenic niche and decreased SGZ neurogenesis.
Opiates decrease SGZ proliferation by inhibition of progenitor proliferation, maturation
(Arguello et al., 2008; Eisch et al., 2000; Kahn et al., 2005) and alteration of the progenitor
cell cycle (Arguello et al., 2008; Mandyam et al., 2004).

Notably, cognitive defects are evident in both laboratory animals chronically exposed to opiates
(Spain and Newsom, 1991) as well as heroin abusers (Guerra et al., 1987). Heroin abusers also
have altered levels of circulating growth factors (Angelucci et al., 2007) suggesting the
possibility that neurotrophic factors may mediate the morphine-induced cognitive deficit in
both humans and rodents (Spain and Newsom, 1991). However morphine’s influence on the
neurogenic niche in vivo, including levels of BDNF, IL1β, VEGF, and vasculature elements,
has not been examined. Therefore, the present study addressed whether chronic morphine
altered the neurogenic microenvironment of the DG SGZ. We hypothesized that chronic
morphine would decrease the pro-proliferative factors VEGF and BDNF but increase the anti-
proliferative factor IL1β, correlating with decreased SGZ proliferation.

To gain insight into whether the chronic morphine-induced decrease in SGZ proliferation
correlates with changes in factors in the neurogenic niche, a subcutaneous (s.c.) morphine pellet
administration paradigm was utilized where C57BL/6J mice were exposed to morphine for 24
or 96 hrs (Arguello et al., 2008; Fischer et al., 2008). To correlate changes in proliferation with
changes in the microenvironment, mice were killed via decapitation, one hemisphere was post
fixed to observe changes in proliferation via immunohistochemistry (IHC), and the DG/CA1
region was dissected from the other hemisphere to observe changes in the neurogenic niche by
immunoblotting.

Materials and Methods
Animals

For all experiments, C57BL/6J mice from Jackson Laboratories (stock #000664) were used.
Mice were housed four to a cage with free access to food and water in a UT Southwestern
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Medical Center facility on a 12 hr light/dark cycle. Mice were allowed to habituate for one
week prior to start of experiments. All experimental procedures were approved by The
Institutional Animal Care and Use Committee and were in accordance with the U.S. National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

Drug treatment and Bromodeoxyuridine (BrdU) injections
For Experiment 1, mice were implanted with one 25 mg morphine pellet (generously provided
by the National Institute on Drug Abuse, Bethesda, MD) or sham pellet s.c. under isoflurane
anesthesia (2% in compressed oxygen for 1–2 minutes) at 0 and 48 hrs and were killed via
decapitation after 24 or 96 hrs of morphine exposure. One hemisphere of the brain was post
fixed in 4% paraformaldehyde in 0.1M phosphate buffered saline (PBS; pH 7.4) for three days,
followed by cryoprotection in 30% sucrose as previously described (Lagace et al., 2007). The
other hemisphere was regionally dissected (DG/CA1 and CA3) and snap frozen for future
immunoblotting use. For Experiment 2, mice were also implanted with s.c. morphine or sham
pellets (0 and 48 hrs). Two hours before perfusion (at 24 or 96 hrs) mice were given a single
150 mg/kg injection of BrdU intraperitoneally (i.p., Roche Diagnostics, dissolved in 0.9%
saline, 0.007N NaOH at 10 mg/mL) and anesthetized with chloral hydrate (120 mg/kg
dissolved in 0.9% saline). Mice were then transcardially exsanguinated with 0.1M PBS
followed by perfusion of the fixative (4% paraformaldehyde in 0.1M PBS, pH 7.4), each
provided in a 7 ml/min flow rate as previously described (Harburg et al., 2007).

Tissue sectioning
Serial sets of 30μm coronal sections from brains were collected on a freezing microtome (Leica,
SM2000R). Every ninth section through the entire mouse hippocampus was slide mounted
prior to IHC (−0.82 to −4.24 from bregma) (Franklin and Paxinos, 1997). Slides were coded
before IHC and the code was not broken until data analysis was complete (Mandyam et al.,
2004).

IHC
Antibodies—The following antibodies were used for IHC: rat anti-BrdU (Accurate,
Westbury, NY, Cat #: OBT0030, Lot #: H8365, 1:300); rabbit anti-Ki67 (SP6, LabVision
Corporation NeoMarkers, Fremont, CA, Cat#: RM-9128-R1, Lot#: 9106S603C, 1:400); rat
anti-mouse endoglin (MJ7/18, Developmental Studies Hybridoma Bank, University of Iowa,
Illinois, 1:500). For each antibody, the specificity of staining was determined by lack of signal
after omission and/or dilution of the primary antibody, as previously reported: endoglin (Ge
and Butcher, 1994; Korpanty et al., 2007) present study, BrdU (Mandyam et al., 2004), Ki67
(Dayer et al., 2003; Mandyam et al., 2007).

Single label IHC—Tissue from Experiment 1 was used for Ki67 single label IHC. The
following pretreatment steps were used: antigen unmasking (0.01M citric acid, pH 6.0, 100°
C, 10 min) and quenching of endogenous peroxidases (0.3% H2O2, 30 min). Nonspecific
binding was blocked (3% serum, 0.3% Triton-X, 30–60 min) followed by primary antibody
incubation overnight (3% serum, 0.3% Tween-20). Sections were then incubated with biotin-
tagged secondary antibody (1:200, 60 min) and IHC was completed with the avidin-biotin/
CY3 tyramide signal amplification method (ABC Elite, Vector Laboratories, Burlingame, CA
and CY3-TSA, Perkin Elmer Life Sciences, Inc., Boston, MA, Cat#: SAT704A001EA, 1:50)
as previously described (Lagace et al., 2007) followed by counterstain with DAPI and
quenching of autofluorescence with 1X cupric sulfate (Fischer et al., 2008).

Double label IHC—Tissue from Experiment 2 was used for endoglin and BrdU double label
IHC. Staining for endoglin was completed followed by staining for BrdU. Endogenous

Arguello et al. Page 3

Neuroscience. Author manuscript; available in PMC 2010 March 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



peroxidase quenching and blocking steps were performed for endoglin followed by incubation
with endoglin primary antibody overnight. IHC for endoglin was completed via avidin-biotin/
CY3 tyramide signal amplification as for Ki67. Sections then underwent the following
pretreatment steps for BrdU: antigen unmasking, membrane permeabilization (trypsin in 0.1M
Tris, 0.1% CaCl2, 10 min) and DNA denaturation (2M HCl in 1X PBS, 30 min), as previously
described (Donovan et al., 2006). Sections were then incubated in blocking serum followed by
BrdU primary antibody incubation overnight. BrdU was visualized with a CY2-conjugated
fluorophore (1:200, 4 hrs) and counterstained as described above.

Immunoblotting
Snap frozen DG/CA1 regionally dissected tissues from Experiment 1 were lysed with 50 mM
NaF, 1% SDS buffer (for BDNF, TrkB, IL1β, IL1R1) or 50mM Tris, 50 mM NaF, 32 mM
sucrose, 1% SDS (with 1X protease inhibitor cocktail (Roche Diagnostics, Cat# 11697498001)
1X phosphatase inhibitor 1 and 1X phosphatase inhibitor 2 (Sigma, Cat# P2850 and P5726,
respectively)). Samples were sonicated for 10 seconds with 100°C lysis buffer, followed by
10 minutes of boiling. Following lysis, protein concentration was determined via BCA Protein
Assay Kit (Pierce, Rockford, IL, Cat#: 23225). Forty μg of protein was loaded on a 4–20%
gradient gel. Protein was transferred to nitrocellulose membranes for 1 hour at 100 V.
Membranes were blocked in 5% milk for one hour, followed by primary antibody overnight
at 4°C. The following primary antibodies from Santa Cruz Biotechnology (Santa Cruz, CA)
were used: rabbit anti-BDNF(N-20, Cat#: sc-546, Lot#: C1804, 1:500); rabbit anti-IL1β
(H-153, Cat#: sc-7884, Lot#: C1904, 1:250); rabbit anti- IL1R1(M-20, Cat#: sc-680, Lot#:
E102, 1:1000). Additional antibodies used were: rabbit anti-TrkB (Millipore, Billerica, MA
01821, Cat#: 07–225, Lot#: 28846, 1:5000); rabbit anti-VEGF (SP28, LabVision Corporation
NeoMarkers, Fremont, CA, Cat#: RM-9128-R1, Lot#: 9128R609E, 1:300); rabbit anti-
VEGFR2 (T014, (Feng et al., 2000), 1:300); mouse anti-GAPDH (Research Diagnostic Inc.,
Flander, NJ, 07836, Cat#: RDI-TRK5G4-6C5, 1:200,000). Membranes were then incubated
with horseradish peroxidase-conjugated secondary antibodies (1:10,000 for BDNF, IL1β,
IL1R1, TrkB, VEGF, VEGFR2; 1:100K for GAPDH) and developed with ECL Plus Detection
Reagent (GE Healthcare, Buckinghamshire, UK). Membranes were washed with stripping
buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 100 mM βME in 1X Tris-Buffered Saline
Tween-20) before being reprobed with GAPDH. Proteins of interest were normalized to
GAPDH and bands and were quantified with NIH Image J 1.63. Data are expressed as percent
of sham (mean ± SEM).

Microscopic analysis and quantification
Ki67-IR cell quantification—Ki67-IR cell number was quantified at 400X magnification
on an Olympus BX-51 microscope (Tokyo, Japan). Cell numbers were quantified with
modified stereology via the optical fractionator method throughout the rostral-caudal axis of
the hippocampus (−0.82 to −4.24 from bregma) (Franklin and Paxinos, 1997). Cell counts were
collected from the SGZ (defined as the region bordering the granule cell layer and hilus: three
cell widths into the hilus and half of the granule cell layer), with continuous adjustment of the
focal plane, as described previously (Arguello et al., 2008; Donovan et al., 2006).

Vessel and BrdU proximity analysis—Tissue from Experiment 2 was used for vessel
analysis. We used a modified protocol to quantify endoglin staining: number of vessels, vessel
area, and vessel perimeter (Heine et al., 2005). Sections of the DG were examined on a Nikon
Eclipse E600 microscope at 100× (Nikon, Lewisville, TX) and images were captured with a
Photometric Coolsnap HQ camera (Nikon) and imported into Metamorph software (Universal
Imagining Corporation) for analysis. Photos of DG sections (−1.3 to −3.1μm from bregma)
were captured for each stain (endoglin or BrdU) under identical conditions (exposure time,
high and low limits, and scaling), and background levels were thresholded from control sections
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stained with secondary antibody alone. Integrated optical density and optical intensity were
measured using MetaMorph’s Integrated Morphometry Analysis for number of endoglin-IR
vessels, vessel area and vessel perimeter, as previously described (Arnold et al., 2008).
Additionally, proximity of BrdU-IR cells to endoglin-IR vessels was categorized by a blinded
observer. Similar to previous studies (Heine et al., 2005), BrdU-IR cells that were vascular-
associated were categorized as: “touch” if touching or overlapping a vessel. Non vascular-
associated BrdU-IR cells were further distinguished as either “near”, within 10 μm of vessel,
or “far”, beyond 10 μm of vessel (Heine et al., 2005).

Statistical analyses
Data are reported as mean ± SEM. Statistical analyses were performed using student’s t-test
for comparison of two groups. All statistical analyses were performed using Prism (version
5.0) software. Statistical significance was defined as p≤ 0.05 with *p≤ 0.05, **p<0.01.

Results
Chronic morphine inhibits the total population of proliferating cells in the SGZ

Previous work has determined that chronic morphine decreases SGZ progenitor cell
proliferation (Fischer et al., 2008). To correlate changes in the neurogenic SGZ
microenvironment with a change in proliferation, C57BL/6J mice were implanted with
morphine or sham pellets s.c. at 0 and 48 hrs and were killed at 24 or 96 hrs (Figure 1A).
Progenitor cell proliferation was assessed with the endogenous cell cycle marker Ki67 in the
SGZ as previously described (Arguello et al., 2008). The number of Ki67-IR cells, or total
population of proliferating cells, was not decreased after 24 hrs of morphine exposure (Figure
1B) as previously shown (Fischer et al., 2008). However, after 96 hrs of morphine exposure,
the number of Ki67-IR cells was significantly decreased from sham mice (Figure 1C; t6=4.74,
p=0.0032). A representative IHC image depicts this decrease qualitatively (Figure 1D). This
confirms earlier work that the total population of proliferating cells is decreased after 96 hrs
but not 24 hrs of morphine exposure.

Chronic morphine does not alter certain pro- or anti-proliferative factors in the DG
To assess changes in pro- or anti-proliferative factors in the DG after chronic morphine, DG-
enriched protein samples were immunoblotted for BDNF and IL1β and their corresponding
receptors TrkB and IL1R1. DG levels of IL1β and IL1R1 were unchanged after 24 hrs of
morphine exposure (Figure 2A, B). BDNF and TrkB levels also remained unchanged after 24
hrs of morphine exposure (Figure 2C, D). The same result was observed for IL1β, IL1R1,
BDNF and TrkB at the 96 hr time point (Figure 2E-H). Therefore at a time point in which
proliferation was decreased by morphine (96 hrs), DG levels of the pro- and anti-proliferative
factors BDNF and IL1β remained unchanged.

Chronic morphine dynamically alters DG levels of VEGF
Given previous work linking VEGF to regulation of SGZ neurogenesis (Jin et al., 2002), protein
levels of VEGF and VEGFR2 were also assessed after chronic morphine. After 24 hrs of
morphine exposure, DG levels of VEGF and its primary receptor VEGFR2 were unchanged
(Figure 3A,B). Interestingly, after 96 hrs of exposure (a time point in which numbers of Ki67-
IR cells were decreased) levels of VEGF were significantly increased (Figure 3C; t8=3.375,
p=0.0097). Levels of VEGFR2 remained unchanged at 96 hrs (Figure 3D). These data suggest
that rather than a parallel change, VEGF levels negatively correlate with the change in SGZ
proliferation.
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Endoglin expression in the hippocampal DG
VEGF is a unique pro-proliferative factor in that it also can function as an angiogenic factor
(Palmer et al., 2000). To determine if the morphine-induced increase of VEGF levels correlated
with altered neurovasculature, it was first necessary to stain for an appropriate vasculature
marker in the SGZ. C57BL/6J mice were given morphine or sham pellets s.c. at 0 and 48 hrs
and two hrs before perfusion (24 or 96 hrs) received a single 150mg/kg i.p. injection of BrdU.
Co-labeling of endoglin, an endothelial cell marker, and BrdU demonstrated that endoglin-IR
vessels are present throughout the DG (Figure 4A). Confocal images of endoglin-IR vessels
revealed that BrdU-IR cells were closely associated with vasculature (Figure 4B,C). This
allowed examination of properties of the vessel themselves, as well as association of
proliferating cells with the neurovasculature.

Chronic morphine-induced increase in VEGF correlates with altered vasculature in dentate
SGZ

To determine if the morphine-induced increase in VEGF correlated with vasculature changes
in the DG, several measures of vasculature remodeling were examined: endoglin-IR vessel
number, area and perimeter (Heine et al., 2005). First, to assess if increased VEGF correlated
with increased angiogenesis, the number of endoglin-IR vessels was compared between sham
and morphine exposed mice. The numbers of endoglin-IR vessels, vessel area and perimeter
in the DG SGZ were unchanged after 24 hrs of morphine exposure (Figure 5A), a time point
in which proliferation and VEGF levels were unchanged. This suggests that there was no
change in angiogenesis or the neurovasculature after 24 hrs of morphine exposure. Similarly,
after 96 hrs of morphine exposure the number of endoglin-IR vessels was the same between
sham and morphine groups. However, the area and perimeter of endoglin-IR vessels was
significantly increased (Figure 5B; area: t8=4.803, p=0.0014; perimeter: t8=3.890, p=0.0046).
This suggests that although angiogenesis was unchanged, the neurovasculature was altered
after 96 hrs of morphine exposure. To determine if morphine exposed mice had diminished
association between proliferating cells and the neurovasculature, the proximity of BrdU-IR
cells to endoglin-IR vessels was examined (Heine et al., 2005). No changes in progenitor cell
proximity to endoglin-IR vessels was observed after 96 hrs of morphine exposure (Figure 5C).

Discussion
The current results suggest that following chronic morphine exposure, DG levels of factors
within the neurogenic microenvironment are either maintained or up-regulated. At a time point
in which progenitor cell proliferation was decreased, levels of both pro and anti-proliferative
factors (BDNF and IL1β, respectively) were maintained. Interestingly, VEGF, known as both
a pro-proliferative and angiogenic factor, was increased when proliferation was decreased.
Furthermore, although the morphine-induced increase in VEGF did not correlate with altered
angiogenesis of endoglin-IR vessels within the DG, properties of the vessels themselves such
as area and perimeter were also increased.

Chronic morphine inhibits proliferating cells in the hippocampal SGZ
The effect of chronic morphine on SGZ progenitor cells has been well characterized (Arguello
et al., 2008; Fischer et al., 2008). However it was necessary to confirm changes in proliferation
so that they could be correlated with possible alterations in the neurogenic microenvironment
within a single subject. As expected from previous data, the current experiments demonstrate
that the total population of proliferating cells was only decreased after 96 hrs of morphine
exposure.
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DG levels of BDNF and IL1β are not altered by chronic morphine
An interesting and unexpected finding from the present study was that DG levels of BDNF
and IL1β, as well as their respective receptors TrkB and IL1R1, were not decreased after 24
or 96 hrs of morphine exposure. This is of interest as other studies show that exogenously
applied BDNF or IL1β are pro-proliferative or anti-proliferative, respectively (Koo and
Duman, 2008; Scharfman et al., 2005). However the present findings are not unprecedented,
as another report also observed a disconnect between levels of proliferation and growth factor
mRNA levels (Warner-Schmidt et al., 2008). Perhaps these differences arise from different
experimental designs: examination of the effect of exogenously applied growth factors versus
examination of the effect of drug administration on endogenous growth factors. It is also
possible that immunoblotting from a DG-enriched sample is not sensitive enough to detect
changes in protein levels that may occur in discrete cellular populations. For example, levels
of BDNF are increased in one cell population and decreased in another, resulting in the lack
of change reported here. However, several studies have detected changes in cell death proteins
in the hippocampus via immunoblotting following morphine exposure (Emeterio et al.,
2006), as well as proBDNF after prenatal exposure to opiates (Schrott et al., 2008). Given that
in the present work we can detect a robust change in VEGF levels from DG-enriched samples,
we can minimally say that the immunoblotting approach used here is sensitive enough to detect
large changes in hippocampal levels of growth factors. A third explanation for our results could
center on temporal specificity. A previous study determined that an increase in VEGF precedes
an increase in BDNF levels (Louissaint et al., 2002). Thus it is possible that BDNF protein
levels would not be altered at 24 and 96 hr time points, but would only be revealed at later time
points. However, examination of factors within the neurogenic niche would be challenging
with the present morphine paradigm since mice may experience somatic withdrawal due to the
decline of morphine blood levels when time points beyond 96 hrs are examined (Fischer et al.,
2008; unpublished observations). Since i.p. injections of morphine decrease SGZ proliferation
in the rat (Kahn et al., 2005), a reasonable alternative to s.c. pellet administration is a paradigm
using i.p. injections of escalating morphine doses (Shaw-Lutchman et al., 2002). However, we
have recently showed that escalating injection paradigms in the mouse do not decrease SGZ
proliferation (Fischer et al., 2008). Thus, examination of longer time points awaits development
of alternative opiate administration paradigms that result in decreased SGZ proliferation in the
mouse without somatic withdrawal symptoms (e.g. self-administration or alternative injection
paradigms). Taken together the present data suggest that factors in the neurogenic niche are
differentially sensitive to exogenous stimuli.

DG levels of VEGF are dynamically regulated
Another significant finding of the present study was that at a time point in which progenitor
proliferation was decreased, DG levels of VEGF were increased. This was unexpected as levels
of VEGF are usually positively correlated with changes in proliferation (Cao et al., 2004; Jin
et al., 2002; van Praag et al., 2005; Warner-Schmidt et al., 2008). Furthermore, VEGF levels
increase after myocardial infarction and morphine treatment prevents this increase
(Balasubramanian et al., 2001; Roy et al., 2003). One potential hypothesis in the case of chronic
morphine administration is that an increase in VEGF in the DG may reflect a compensatory
response of the DG to prevent a further decrease in proliferation. This is very interesting in
that although 30% of proliferating cells are inhibited by morphine, 70% of proliferating cells
continue to divide, which suggests that morphine alters a subpopulation of proliferating cells
that are not be able to respond to the factors that are maintained in the neurogenic niche.

Chronic morphine-induced increase in VEGF correlates with altered SGZ neurovasculature
Although increased DG levels of VEGF were observed after 96 hr of morphine exposure, it
was unclear if this increase was functional. Therefore we examined whether the increased
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VEGF levels correlated with a measureable change in the vasculature. Several studies have
observed that increased VEGF levels are associated with altered properties of neurovasculature
such as increased area and perimeter (Louissaint et al., 2002; van Praag et al., 2005) as well as
number of vessels (Cao et al., 2004). In the present study, increased VEGF levels did not
correlate with the formation of new vessels, but did correlate with increased area and perimeter
of endoglin-IR vessels, suggesting potential remodeling of the neurovasculature. It is possible
that the morphine-induced increase in VEGF levels was not robust enough to lead to
angiogenesis, as observed with previous overexpression studies (Cao et al., 2004). Given the
discovery that progenitor cells are closely associated with the vasculature, (Palmer et al.,
2000) the increase in vessel size after morphine treatment supports the hypothesis that the
neurogenic niche may be providing more vascular support to compensate for decreased SGZ
proliferation. To further explore the relationship between the morphine-induced alterations in
VEGF and vasculature, future experiments should take advantage of the documented lack of
morphine’s effect on SVZ proliferation (Eisch et al., 2000). Comparison between the potential
changes in morphine-induced alterations in neurovasculature between the SVZ and the SGZ
would shed light on the similarities and differences between these two neurogenic niches.

While this correlative study highlights several interesting findings, key questions remain to be
answered. What cell populations are secreting VEGF? More importantly, which progenitor
cell populations express VEGFR2 and might therefore be able to respond to increased VEGF
levels? Several studies have shown that progenitor cells and the surrounding granule cells
express receptors to respond to growth factors, such as TrkB (Donovan et al., 2008; Li et al.,
2008) and VEGFR2 (Cao et al., 2004; Jin et al., 2002), suggesting that the mature neurons
themselves might provide trophic support for dividing cells. Similar to TrkB and VEGFR2
expression, IL1R1 is highly expressed in the DG and has been observed on proliferating
progenitor cells (Koo and Duman, 2008). Immunohistochemical staining has shown expression
of the primary VEGF receptor VEGFR2 (Flk1) on progenitor cells in the DG. Specifically,
VEGFR2 expression is present on immature doublecortin (DCX)-IR cells as well as mature
BrdU-IR cells (Jin et al., 2002; Palmer et al., 2000). A previous study by our lab determined
that the total population of DCX-IR cells was not altered after chronic morphine (Arguello et
al., 2008), suggesting that a subpopulation of DCX-IR cells that are also VEGFR2-IR are
responsive to the morphine-induced increase in VEGF. However, VEGFR2 presence is not
restricted to progenitor cells, as colocalization of VEGFR2 has also been reported on both
astrocytes and neurons in the hilus, and granule neurons of the DG (Heine et al., 2005; Palmer
et al., 2000). Future studies should focus on determining if the expression pattern of VEGFR2
on specific progenitor cell types is altered after chronic morphine and whether over-expression
of VEGF could attenuate the morphine-induced decrease in proliferation.

Conclusion
In sum, we show that chronic morphine results in decreased SGZ proliferation, no change in
DG levels of the cytokine IL1β, growth factor BDNF, or their respective receptors, but does
enhance DG levels of VEGF and certain characteristics of the vasculature. The present results
underscore the complex relationship between adult hippocampal neurogenesis and pro-and
anti-proliferative factors within the neurogenic niche. Future work is warranted to more fully
explore the functional consequence of treatments that enhance proliferation on
neurovasculature (Newton and Duman, 2004). Interestingly, VEGF is important for spatial
learning and memory formation (Cao et al., 2004) and human heroin abusers and rodents
exposed to morphine have altered neurogenesis and impaired memory (Eisch et al., 2000;
Guerra et al., 1987; Spain and Newsom, 1991; Weber et al., 2006). Therefore, future use of an
opiate-self administration paradigm in rodents would be extremely useful in testing whether
knockdown or overexpression of certain factors in the neurogenic niche, such as VEGF, would

Arguello et al. Page 8

Neuroscience. Author manuscript; available in PMC 2010 March 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



impair or enhance learning of drug-context memories, indicating novel treatment avenues for
addiction.
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Figure 1. Chronic morphine inhibits the total population of SGZ proliferating cells
(A) C57BL/6J mice were implanted with s.c. sham or morphine pellets at 0 and 48 hrs and
killed at 24 or 96 hrs via decapitation. (B) The number of Ki67-IR cells in the SGZ was not
changed after 24 hrs. (C) The number of Ki67-IR cells was significantly decreased after 96 hrs
of morphine exposure. (D) Representative IHC demonstrated decreased numbers of Ki67-IR
cells in the SGZ. At all time points sham: n=4, morphine: n=4. Scale bar=100 μm, **p<0.01.
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Figure 2. Chronic morphine does not alter DG levels of BDNF or IL1β
To determine if the microenvironment of the hippocampus was altered by chronic morphine,
DG-enriched extracts were used to look for changes in protein levels via immunoblotting. (A–
D) After 24 hrs of morphine exposure, dentate levels of IL1β, BDNF and their respective
receptors, IL1R1 and TrkB remained unchanged. (E–H) After 96 hrs of morphine exposure,
dentate levels of IL1β and BDNF and their respective receptors, IL1R1 and TrkB remained
unchanged. At all time points sham: n=4–8, morphine: n=5–8.
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Figure 3. Chronic morphine dynamically alters levels of VEGF in the DG
(A, B) After 24 hrs of morphine, DG protein levels of VEGF and VEGFR2 are unchanged as
measured via immunoblotting. (C, D) After 96 hrs, VEGF protein levels are increased whereas
receptor levels remain unchanged. At all time points sham: n=5–6, morphine: n=4–8, **p<0.01.
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Figure 4. Endoglin expression in the hippocampal DG
(A) Low-power image shows that endoglin staining is present throughout the hippocampus
and in the SGZ where the majority of proliferating BrdU-IR cells reside. Scale bar=100 um.
(B–C) Confocal images show close proximity of BrdU-IR cells to endoglin-IR vessels. Scale
bar=10 um.
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Figure 5. Chronic morphine-induced increase in VEGF correlates with altered DG
neurovasculature
(A)After 24 hrs of morphine exposure, various properties of endoglin-IR cells including vessel
number, area and perimeter remain unchanged. (B) After 96 hrs of morphine exposure, the
number of endoglin-IR vessels between sham and morphine groups did not differ. However
the area and perimeter of endoglin-IR vessels are increased. (C) The proximity of BrdU-IR
cells to endoglin-IR vessels, does not differ between sham and morphine treated groups.
Proximity was measured as “touch”, touching or overlapping the vessel; “near”, within 10
μm of vessel, or “far”, beyond 10μm of vessel. For all time points sham: n=4–5, morphine:
n=4–5, **p<0.01.
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