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Neural plasticity following brain injury illustrates the potential for regeneration in the central nervous system. Lesioning of the perforant
path, which innervates the outer two-thirds of the molecular layer of the dentate gyrus, was one of the first models to demonstrate
structural plasticity of mature granule cells (Parnavelas et al., 1974; Caceres and Steward, 1983; Diekmann et al., 1996). The dentate gyrus
also harbors a continuously proliferating population of neuronal precursors that can integrate into functional circuits and show en-
hanced short-term plasticity (Schmidt-Hieber et al., 2004; Abrous et al., 2005). To examine the response of adult-generated granule cells
to unilateral complete transection of the perforant path in vivo, we tracked these cells using transgenic POMC-EGFP mice or by retroviral
expression of GFP. Lesioning triggered a marked proliferation of newborn neurons. Subsequently, the dendrites of newborn neurons
showed reduced complexity within the denervated zone, but dendritic spines still formed in the absence of glutamatergic nerve terminals.
Electron micrographs confirmed the lack of intact presynaptic terminals apposing spines on mature cells and on newborn neurons.
Newborn neurons, but not mature granule cells, had a higher density of dendritic spines in the inner molecular layer postlesion accom-
panied by an increase in miniature EPSC amplitudes and rise times. Our results indicate that injury causes an increase in newborn
neurons and lamina-specific synaptic reorganization indicative of enhanced plasticity. The presence of de novo dendritic spines in the
denervated zone suggests that the postlesion environment provides the necessary signals for spine formation.

Introduction
Traumatic brain injury, neurodegeneration, and ischemia all in-
volve denervation, the extent of which contributes to the severity
of clinical symptoms. However, brain injury can also stimulate
plasticity. An example of such plasticity in the adult brain is the
synaptic reorganization following lesions of the entorhinal cor-
tex, which irreversibly interrupt the main excitatory input into
the dentate gyrus—the perforant path. The dentate gyrus pro-
vides a particularly advantageous model system for examining
brain injury because its highly laminated molecular layer segre-
gates inputs from different sources. Perforant path axons from
the medial and lateral entorhinal cortex terminate in the middle
and outer third of the molecular layer, respectively (Hjorth-
Simonsen and Jeune, 1972; Hjorth-Simonsen, 1972, van Groen et
al., 2003), where they synapse with apical dendrites of mature
granule cells. When these inputs are severed, remaining intact

fiber systems that also synapse onto mature granule cells reorga-
nize by sprouting and reactive synaptogenesis (Deller and
Frotscher, 1997). These changes are maximal within 2 weeks
postlesion but gradually stabilize by several months postlesion
(Vuksic et al., 2011).

In addition to mature cells, there is ongoing neurogenesis in
the rodent dentate gyrus (Kempermann et al., 1997; Cameron
and McKay, 2001). A subset of these newborn neurons survive
and integrate into the hippocampal circuit, show enhanced
short-term synaptic plasticity, and may contribute to normal
function of the hippocampus (Dayer et al., 2003; Ge et al., 2008).
Newborn cells are exquisitely sensitive to intrinsic and extrinsic
stimuli (Tashiro et al., 2007; Balu and Lucki, 2009; Ming and
Song, 2011), including changes in network activity triggered by
seizures (Parent and Murphy, 2008) or changes in NMDA recep-
tor activity (Cameron et al., 1995; Nacher and McEwen, 2006).
Newborn granule cells go through a series of highly stereotyped
stages, during which they extend their dendrites through the mo-
lecular layer, develop spines, and acquire excitatory synaptic in-
puts over a period of several weeks (Overstreet Wadiche and
Westbrook, 2006). This pattern of functional maturation pro-
vides an opportunity to examine whether newborn cells integrate
into a recently deafferented circuit.

We focused on newborn granule cells that were dividing at the
time of a unilateral perforant path lesion. We hypothesized that
new neurons would show enhanced structural plasticity com-
pared to mature neurons. To identify newborn granule cells, we
used a POMC-EGFP transgenic mouse in which EGFP expres-
sion is driven by transient activity of the pro-opiomelanocortin
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(POMC) promoter (Overstreet et al., 2004). We also used intra-
hippocampal injections of a retrovirus expressing GFP to label
cohorts of newborn neurons at later time points. The complete-
ness of the lesion was confirmed morphologically and by the
absence of extracellular field responses in the outer molecular
layer in acute brain slices. In the ipsilateral dentate gyrus, lesions
caused proliferation of newborn neurons by 2 weeks, followed by
a lamina-specific shift in the arrangement of dendritic spines and
excitatory synaptic activity by 3 weeks postlesion. Surprisingly,
confocal images and immunoelectron micrographs of the dener-
vated zone revealed that newborn neurons formed new dendritic
spines postlesion without functional presynaptic input.

Materials and Methods
Mice. All procedures were performed in accordance with Oregon Health
and Science University Institutional Animal Care and Use Committee
and the Biosafety Committee protocols and in accord with the NIH
guidelines for handling of animals. C57BL6 mice were 6 – 8 weeks of age
at the time of the procedure. Both male and female mice were included
and were derived from multiple breedings. POMC-EGFP transgenic
mice in C57BL6 background were used for studies of newborn granule
cells at 14 days postmitosis, the peak of EGFP expression (Overstreet et
al., 2004). We also used retroviral labeling of wild-type C57BL6 mice for
visualization of newborn granule cells at 21 days postmitosis, and
lentiviral labeling for visualization of mature granule cells at 21 days
postlesion. Isoflurane-anesthetized wild-type mice received bilateral ste-
reotaxic injections directly into the dorsal hippocampus on the day of the
lesion. For GFP labeling of newborn granule cells, 2 �l of a replication-
deficient Moloney murine leukemia virus-based retroviral vector (Lewis
and Emerman, 1994) designated pRubi (Retrovirus with internal ubiq-
uitin promoter, Luikart et al., 2012) was used. For GFP labeling of mature
granule cells, 1 �l of a lentiviral vector that contains the HIV-1 Flap
element, the human Ubiquitin-c promoter, GFP, and the Woodchuck
hepatitis virus posttranscriptional regulatory element (FUGW, Lois et
al., 2002; Luikart et al., 2011) was used. Stereotaxic coordinates were as
follows: anteroposterior, �1.9; lateromedial, �1.1; dorsoventral, �2.5
and �2.3, with an injection rate of 0.25 �l per minute. The needle was left
in place for 1 min before withdrawing from the injection site. Viral par-
ticles were prepared using established protocols with titers of 1–10 � 10 6

(Luikart et al., 2011).
Unilateral lesions of the perforant path. Mice were anesthetized in an

induction chamber filled with 4% isoflurane/oxygen and placed in a Kopf
stereotaxic apparatus when rendered unresponsive. During surgery, 2%
isoflurane/oxygen mixture was continuously administered through a
nose cone. Before incision, the scalp was treated with 2% lidocaine, io-
dine mixture, and a double antibiotic. Skull was exposed and a rectangu-
lar access window was drilled using a 0.275 mm diameter carbide drill
(Kemmer Praezision) starting 2 mm lateral to lambda, 1 mm rostral to
the transverse suture, and spanning the width of the hemisphere. Lesion
was performed manually using a 15° aluminum microscalpel (catalog no.
715, Oasis Medical) with medial to lateral path trajectory at a depth of �
4.5 mm. Care was taken to avoid scraping the scalpel along the base of the
skull. Lesions alternated between left and right hemisphere, with the
contralateral hemisphere serving as the control. In preliminary experi-
ments a few animals did not survive the procedure; however, refinement
of the lesion site resulted in no mortality. For MK-801 pretreatment
experiments, animals received one intraperitoneal (IP) injection of MK-
801 (1 mg/kg; catalog no. Asc-027, Ascent Scientific) 20 min before the
lesion. For morphological analysis at 14 and 21 days postlesion, animals
were deeply anesthetized with 2% Avertin (2,2,2-tribromoethanol;
Sigma-Aldrich) transcardially perfused with PBS plus 4% sucrose fol-
lowed by 4% paraformaldehyde (PFA) plus 4% sucrose. Brains were
extracted and postfixed overnight in 4% PFA plus sucrose at 4°C. After
fixation, each brain was split in the coronal plane just anterior to the site
of the lesion, and each half was sectioned separately using a vibratome
(catalog no. VT-1000S, Leica Microsystems). The rostral half, containing
the dorsal hippocampus, was sectioned coronally (100 �m sections), and
these sections were used for all morphological analysis. The caudal half,

containing the lesion site, was cut horizontally into serial 300 �m sec-
tions to assess the extent of lesion. Animals were excluded from analysis
if the lesion injured the ventral hippocampus, which led to hippocampal
atrophy, or if the lesion was incomplete (Fig. 1). A lesion was considered
complete if it spanned the entire height of the entorhinal cortex and was
visible even in the most ventral of the horizontal sections.

Immunohistochemistry. Coronal sections (100 �m) were permeabil-
ized for 30 min with 0.4%-Triton X-100 in PBS (PBS-T), blocked for 30
min with 10% horse serum in PBS-T, and stained overnight with primary
antibody in 1.5% horse serum/PBS-T. Stains requiring secondary anti-
bodies were washed in PBS and incubated with secondary antibody in
1.5% horse serum/PBS-T for 4 h at room temperature. Sections were
rinsed in PBS, mounted on glass slides, and coverslipped using
VectaShield with DAPI (catalog no. H-1200; Vector Laboratories). Pri-
mary antibodies were as follows: rabbit anti-GFP (Alexa Fluor 488 con-
jugated; 1:500; catalog no. A21311, Invitrogen); rabbit anti-glial fibrillary
acidic protein (GFAP; 1:500, catalog no. Z-0334, Dako); rabbit anti
vGlut1 (1:500; catalog no. 135 303, Synaptic Systems); guinea pig anti
vGlut2 (1:400; catalog no. 135 404, Synaptic Systems); rabbit anti c-fos
(1:1000; Santa Cruz Biotechnologies). Secondary antibodies (1:200 dilu-
tion) were as follows: goat anti rabbit (Alexa Fluor 568; catalog no.
A11011, Invitrogen), goat anti rabbit (Alexa Fluor 647; catalog no.
A21244, Invitrogen); goat anti guinea pig (Alexa Fluor 568; catalog
no. A11075, Invitrogen).

Imaging and morphological analysis. Imaging was done on an LSM 7
MP laser scanning microscope (Carl Zeiss MicroImaging). All cell and
dendritic spine counting, dendritic arbor tracing, and Sholl analysis were
done manually with ImageJ (National Institutes of Health, Bethesda,
MD). At 14 days postlesion, sections from POMC-EGFP mice were im-
aged with 40� objective, 0.7� optical zoom, z-stacks of 50 �m, 1 �m
between planes. At 21 days postlesion, sections from retrovirus- and
lentivirus-injected mice were imaged for dendritic arborization with a
40� objective and 0.7� optical zoom. Thickness of z-stack was varied to
accommodate the dendritic span of labeled granule cells, with 1 �m
distance between image planes. For analysis of spine density of newborn
and mature granule cells at 21 days postlesion, sections were imaged with
a 63� objective with 3� optical zoom. Span of z-stack was tailored to the
thickness of a single segment of dendrite with 0.5 �m distance between
planes. Dendritic spines were imaged and analyzed in inner and outer
molecular layers of the dentate gyrus. Laser intensity and gain were ad-
justed between sections to accommodate staining efficiency, but the
same microscope settings were used for control (nonlesioned) and le-
sioned hemispheres within the same section.

Bromodeoxyuridine. For proliferation measurements, two injections of
bromodeoxyuridine (BrdU; 300 mg/kg) were administered to POMC-
EGFP mice at three separate intervals postlesion: (1) 0 and 4 h postlesion
(hpl); (2) 16 and 20 hpl; and (3) 40 and 44 hpl. Animals were perfused
with sucrose-containing PBS followed by PFA (see above, Unilateral le-
sions of the perforant path) at 8, 24, and 48 h postlesion (i.e., 4 h after the
last BrdU injection). For survival measurements, BrdU injections were at
40 and 44 hpl, and the tissue was examined at 1 month postlesion (mpl).
For BrdU immunostaining, sections were washed twice in potassium PBS
(KPBS) for 10 min each. Antigen retrieval was performed using an acid/
base sequence for 30 min in 2N HCl (at 36°C) followed by 10 min in
KPBS, pH 8.5, at room temperature. The sections were then permeabil-
ized for 30 min in 0.4% KPBS-T and blocked for 30 min with 5% horse
serum (HS) in KPBS-T. Primary antibody (rat anti BrdU; catalog no.
ab6326, Abcam) was applied at 1:2000 in 5% HS/KPBS-T overnight at
4°C. The sections were washed in KPBS and incubated for 4 h with
Rhodamine Red secondary antibody (goat anti rat; catalog no. 112-295-
003; Jackson ImmunoResearch) at 1:200 in 5% HS/KPBS-T at room
temperature. The sections were subsequently stained with Alexa Fluor
488-conjugated rabbit anti-GFP (as described above, Immunohisto-
chemistry). Sections were imaged on a Zeiss LSM 780 confocal micro-
scope using a 20� objective. Z-stacks were 60 �m, with image planes 2
�m apart. All BrdU-positive cells within the granule cell layer of the
dorsal hippocampus were counted for every third 100 �m section and
averaged for each animal. Because all sections contained both hemi-
spheres, lesion and control hippocampi were processed in parallel.
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Figure 1. Complete ablation of perforant path axons in the adult dentate gyrus. A, A unilateral lesion of the entorhinal cortex (EC) transects the perforant path (red lines). Left, Horizontal section
of a mouse brain from Allen Brain Atlas illustrating rostrocaudal position of the lesion (red line). Orange box outlines the position of the middle panel, which shows a close-up of the lesioned perforant
path (red lines, MPP and LPP) and hippocampal anatomy. B, Lesioned brains were cut in half along the top border of the orange box in A, the cerebellum was removed, and the caudal half was
horizontally sectioned dorsal to ventral (numbered in order of sectioning). Arrowheads indicate the location of the lesion, which is visible even in the ventral-most section (11). C, Left, Example traces
of field recordings from an acute brain slice at 14 days postlesion. Whereas in the control dentate gyrus traces showed a robust fiber volley and an increase in the field EPSP with increasing stimulus
intensity (black trace), the deafferented dentate gyrus showed no response regardless of stimulation intensity (red trace). Scale bar, 5ms/50�V. Middle, Measurements of fiber volley amplitude
across a range of typical stimulation intensities. Fiber volley amplitudes in the deafferented dentate gyrus (white circles) were significantly reduced following lesion, as compared to the contralateral
control (black circles, p � 0.05). The same was observed for field EPSPs (right), which were almost entirely absent from the lesioned tissue (white circles) compared to the contralateral control (black
circles, p � 0.001). D, Left, vGlut1 immunostaining of glutamatergic nerve terminals typically labels the entire dentate molecular layer (IML, MML, OML) and stratum lacunosum-moleculare of CA1
(S.l-m). Right, vGlut1 expression was drastically decreased at 21 days postlesion in the denervated zone (MML, OML, CA1) but was unaffected in the intact inner molecular layer (IML, scale bar �
50 �m). E, Left, vGlut2 expression in the control dentate gyrus was localized to the supragranular zone of the granule cell layer (GCL), the middle/outer molecular layers (MML, OML), and S.l-m of
CA1. Right, At 21 days postlesion, vGlut2 expression was decreased in the denervated region (MML, OML, and S.l-m of CA1), but was unchanged in the supragranular zone (bright band adjacent to
the granule cell layer). Dashed lines separate dentate gyrus from CA1. Scale bar, 50 �m. CA1, Cornu ammonis 1; CA3, cornu ammonis 3; DG, dentate gyrus; EC, entorhinal cortex; GCL, granule cell
layer; IML, inner molecular layer; LPP, lateral perforant path; MPP, medial perforant path; MML, middle molecular layer; OML, outer molecular layer; S.l-m, stratum lacunosum-moleculare; S.rad,
stratum radiatum.
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Electrophysiology. Extracellular field potentials and whole-cell record-
ings were performed at 14 and 21 days postlesion, respectively, from
acute slices of dorsal hippocampus at the same anteroposterior level used
for morphometric analysis. The animals were deeply anesthetized with
an intraperitoneal injection of Avertin (Sigma-Aldrich) and transcardi-
ally perfused with ice-cold cutting solution containing 110 mM choline
Cl, 7 mM MgCl2, 2.5 mM KCl, 1.25 mM NaH2PO4*2H2O, 0.5 mM CaCl2,
1.3 mM Na-ascorbate, and 25 mM NaHCO3, bubbled with 95% O2-5%
CO2. For field recordings at 14 days postlesion, 400 �m coronal slices
were made using a Leica vibratome in artificial cerebrospinal fluid

(ACSF) containing 119 mM NaCl, 2.5 mM KCl,
2.5 mM CaCl2, 1.3 mM MgSO4, 1 mM NaH2PO4,
26.2 mM NaHCO3, and 11 mM glucose, bub-
bled with 95% O2/5% CO2. After 1 h recovery,
field potentials were recorded with ACSF-filled
2–3 M� glass pipettes placed in the outer mo-
lecular layer of the dentate gyrus. In pilot ex-
periments in the deafferented dentate gyrus, we
looked for field excitatory postsynaptic poten-
tials (fEPSPs) in multiple locations and at vary-
ing depths in the suprapyramidal and
infrapyramidal blade, but were unable to elicit
responses at the usual range of stimulus inten-
sities. To quantify fEPSPs, we constructed in-
put/output curves after stimulation of the
infrapyramidal blade, thus reducing contami-
nation from the adjacent CA1 region. Stimuli
were delivered at 0.1 Hz (duration 100 �s,
A.M.P.I. ISO-Flex constant current stimula-
tor) via a bipolar tungsten electrode (FHC)
placed in the outer molecular layer �150 �m
deep into slice and �500 �m from the record-
ing electrode. At each stimulus intensity, ten
responses were averaged using Igor Pro. The
amplitudes of the fiber volley and initial slope
of the fEPSPs were graphed relative to the stim-
ulation intensity. For each slice, responses were
recorded in the dentate gyrus from the lesioned
and nonlesioned hemispheres. For whole-cell
recordings at 21 days postlesion, the hemi-
spheres were separated and sectioned at 350
�m in the transverse hippocampal plane. Slices
were stored and recordings performed in a so-
lution containing 125 mM NaCl, 2.5 mM KCl,
2.0 mM CaCl2, 1.0 mM MgCl2, 1.25 mM

NaH2PO4, 25 mM NaHCO3, and 25 mM glu-
cose bubbled with 95%O2/5%CO2. For
mEPSC recordings, 10 �M SR95531 was added
to block GABAA channels, and 1 �M tetrodo-
toxin was added to block action potentials. The
Cs-gluconate whole-cell pipette solution con-
tained 100 mM gluconic acid, 0.2 mM EGTA, 5
mM HEPES, 2 mM Mg-ATP, 0.3 mM Li-GTP,
pH � 7.2, 295 mOsm (pH to 7.2 using 50%
CsOH for a final concentration of 100 –120 Cs-
gluconate). Series resistance (5–20 M�) was
monitored, and experiments were discarded if
the resistance increased by �10 M�. Currents
were filtered at 4 kHz and sampled at 40 kHz
(MultiClamp 700A Molecular Devices). mEP-
SCs were detected using a template with rise
time of 1 ms, decay time of 6 ms, baseline of
10ms, length of 30 ms, and a threshold of 3
(AxoGraph X). Captured events were manu-
ally reviewed. Rise times were defined as the
time between 10 and 90% of the maximal
amplitude.

Electron microscopy. For ultrastructural
analysis of mature granule cells at 21 days
postlesion, animals were transcardially per-

fused with PBS followed by a 0.1 M sodium cacodylate buffer containing
1.5% glutaraldehyde, 1.5% PFA, 0.05 M sucrose, and 0.25% CaCl2, pH
7.4. Extracted brains were postfixed overnight in the same solution. The
hemispheres were separated along the midline, and each was cut sagit-
tally into 1 mm sections. The hippocampi from each 1 mm section were
microdissected out and further cut into 1 � 1 � 2 mm blocks that
included the dentate gyrus and CA1. Blocks were embedded in coffin
mold using Spurr:Epon, polymerized overnight at 60°C, trimmed, and
cut along the long axis into coronal 700 nm sections using a Leica EM

Figure 2. Perforant path lesion triggered proliferation and outward migration of newborn granule cells. A, Dentate gyrus (10�
magnification) from an adult POMC-EGFP transgenic mouse showed increased proliferation of newborn granule cells at 14 days
postlesion of the perforant path (right) compared to the contralateral, nonlesioned control (left). White squares represent area
enlarged in B. Scale bar, 50 �m. B, Magnification (40�) of suprapyramidal blade of the deafferented dentate gyrus (right)
showed an increase in the number as well as the outward migration of POMC-EGFP 	 cells postlesion. Labeled cells in the
contralateral control were restricted to the subgranular zone (left). Scale bar, 50 �m. Dashed lines outline the granule cell layer. C,
Newborn granule cell body position within the granule cell layer was analyzed by measuring the distance between each POMC-
EGFP 	 cell body and the hilar border (solid white lines). D, Many newborn granule cells in the denervated dentate gyrus migrated
away from the subgranular zone (red bars) compared to control (black bars), as revealed in the frequency distribution ( p �
0.0001). GCL, Granule cell layer; ML, molecular layer.
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UC6 vibratome (Leica Microsystems). For re-
gion selection, some sections were placed on
glass slides and stained with 0.5% toluidine
blue in 0.5% sodium tetraborate. Sections
from lesioned and nonlesioned hemispheres
containing the suprapyramidal blade of the
dentate gyrus were embedded in resin and fur-
ther cut into 70 nm sections on an ultrami-
crotome (Leica Microsystems). The sections
were placed on 200 square mesh copper/rho-
dium grids and counterstained with 5% uranyl
acetate and Reynold’s lead citrate. The inner
and outer molecular layers of the suprapyrami-
dal blade of the dentate gyrus from both le-
sioned and unlesioned hemispheres were
imaged at 13,000� on an FEI Technai G 2 12
BioTWIN microscope at 80 kV. Survey images
that show reactive astrocytes were acquired at
6800�. Sample sites were selected from inner
and outer molecular layers of the suprapyrami-
dal blade of the dorsal dentate gyrus—the same
regions that were used for light microscopy and
physiological studies. Approximately 10 repre-
sentative images were collected in a mosaic
fashion from the entire span of each molecular
layer. At least four nonadjacent sections were
used from each animal. The obvious glial reac-
tion in the outer molecular layer (OML) fol-
lowing lesion prevented complete blinding in
the analysis.

For ultrastructural analysis of 21-day-old
granule cells, we immunolabeled sections from
retrovirus-injected animals at 21 days postle-
sion. Animals were deeply anesthetized with
sodium pentobarbital (150 mg/kg) and, when
rendered unresponsive, were transcardially
perfused with heparinized saline followed by a
3.8% acrolein in PFA and 2% PFA in phos-
phate buffer (PB) (Hegarty et al., 2010). Tissue
blocks containing both dorsal hippocampi
were postfixed in 2% PFA (no acrolein) for 30
min, embedded in agar, and cut coronally into
40 �m sections on a vibrating microtome
(Leica Microsystems). Hemispheres were not
separated for this experiment until just before
thin sectioning. Sections were stored in sucrose
solution at �20°C until needed. Sections were
rinsed 2� in 0.1 M PB to clear the sucrose so-
lution, placed in 1% sodium borohydride for
30 min, rinsed with PB until bubbles were
gone, treated with a cryoprotectant solution,
and freeze thawed to permeabilize. Once at
room temperature, sections were rinsed 2� in
0.1 M Tris-saline and incubated in 0.5% BSA
for 30 min. Rabbit anti-GFP primary antibody
(Millipore, catalog no. AB3080) was applied at
1:1000 for 36 h at 4°C. Following incubation, sections were rinsed 3� in
0.1 M Tris-saline, 5–10 min each, followed by biotinylated goat anti-
rabbit secondary antibody (Vector Labs, catalog no. BA-1000; 1:400 in
0.1% BSA, 30 min, room temperature). Sections were incubated in ABC
solution (Elite Vectastain, Vector Labs; 30 min), rinsed with 0.1 M Tris-
saline, and then treated with diaminobenzidine-H2O2 solution (5 min).
Following washes in 0.1 M Tris-saline and then in 0.1 M PB, sections were
incubated in 2% osmium tetroxide (60 min), dehydrated, flat embedded
in EMBed-812 (catalog no. RT 14120, Electron Microscopy Sciences-
Electron Microscopy Sciences), and cured at 60°C for 48 h (Fig. 9A).
Regions of interest from lesioned and unlesioned hemispheres con-
taining labeled newborn neurons in the suprapyramidal blade of the
dentate gyrus were cut out and superglued onto cured resin blanks.

Tissue was thin sectioned on an ultramicrotome (Leica Microsys-
tems) into 75 nm sections and placed onto nickel/copper mesh grids.
Grids were counterstained and sample sites were selected from re-
gions with the densest immunolabeling.

Statistical analysis. All values are expressed as mean � SEM. A gener-
alized linear model (GLM) was used for analysis of POMC-EGFP and
c-fos cell counts, total dendritic length and arborization, and dendritic
spine density. Kolmogorov–Smirnov (KS) test was used to analyze dis-
tributions of granule cell dispersion and mEPSC amplitudes and rise
times. Repeated-measures ANOVA was used for field potentials, Sholl
analysis, and BrdU cell counts. Chi-squared test was used to compare
proportions of surviving BrdU 	 cells. Paired t test was used for anal-
ysis of single mEPSCs and electron microscopy (EM) synaptic com-

Figure 3. A transient burst of neuronal activity following perforant path lesion. A, Transection of perforant path axons triggered
widespread expression of the immediate early gene c-fos (right, red) in mature granule cells at 2 h following injury, indicating
increase in network activity. Upregulation of c-fos expression was no longer detected at 6 h postlesion (not shown), indicating that
the activity burst is transient and is associated with axon transection. Note the absence of c-fos immunoreactivity from 14-day-old
neurons (POMC-EGFP) that do not yet receive perforant path input. B, c-fos immunoreactivity was abolished by systemic pretreat-
ment with the NMDA receptor antagonist MK-801 (1 mg/kg IP) 20 min before the lesion. C, Block of this transient network activity
did not prevent lesion-induced increase in the number of newborn neurons nor their migration (right, POMC-EGFP). Note also that
MK-801 did not affect neurogenesis in the control dentate gyrus (left).
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position. The number of samples where n � number of animals are
included for every experiment. Animals were not used for multiple
experiments. Significance cutoff was p � 0.05. The p values are re-
ported in the text.

Results
The perforant path from the entorhinal
cortex is the major afferent input to hip-
pocampus, forming excitatory synapses in
the outer two-thirds of the molecular
layer of the dentate gyrus. To examine the
impact of deafferentation on adult-
generated newborn neurons in the den-
tate gyrus, we made unilateral surgical
lesions of the perforant path in young
adult mice (Fig. 1A). Because surgical le-
sions can be variable, we verified the com-
pleteness of each lesion by serially
sectioning the caudal half of the brain
from dorsal to ventral in the horizontal
plane (Fig. 1B). In this example of a com-
plete lesion at 14 days postlesion (dpl), the
location of the surgical cut was visible
even in the ventral-most horizontal sec-
tions of the caudal half of the mouse brain
(arrowheads). To account for systemic
factors such as anesthesia or surgical
stress, the contralateral dentate gyrus was
used as an in-animal control. Animals
with incomplete lesions or with damaged
hippocampi were excluded from the anal-
ysis. We confirmed degeneration of per-
forant path fibers by extracellular field
recordings in acutely prepared coronal
brain slices at 14 dpl. We measured the
fiber volley, which represents action po-
tential propagation in perforant path ax-
ons, and field excitatory postsynaptic
potentials, which reflect granule cell de-
polarization in response to excitatory
synaptic transmission. As expected, stim-
ulation contralateral to the lesion evoked
a short latency fiber volley followed by a
fEPSP as recorded with an extracellular
electrode in the outer molecular layer.
However, both the fiber volley and fEPSP
amplitudes were greatly reduced or com-
pletely absent on the lesioned side (Fig.
1C) over a wide range of stimulation in-
tensities. For example, at 1.0 �A stimula-
tion intensity, the fiber volley amplitude
was decreased 76.1% (control, � 0.30 mV;
lesion, � 0.07 mV; p � 0.05, repeated-
measures ANOVA; n � 12 slices from 5 ani-
mals). Similarly, the fEPSP amplitude at this
stimulation intensity was decreased 88.2%
(control, � 0.34 mV/ms; lesion, � 0.04 mV/
ms, p � 0.0001, repeated-measures ANOVA;
n � 12 slices from 5 animals).

To assess the integrity of perforant
path nerve terminals postlesion, we im-
munolabeled the vesicular glutamate
transporters vGlut1 and vGlut2, which of-
ten show complementary distributions at

excitatory synapses. vGlut1 is expressed in perforant path fibers
as well as in the mossy fibers of dentate granule cells, whereas
vGlut2 is expressed in hilar mossy cells and extrahippocampal

Figure 4. Perforant path lesion caused proliferation of newborn granule cells in the ipsilateral dentate gyrus, but it did not affect
the fraction that survived. Compressed 60 �m z-stacks from dentate gyrus of a POMC-EGFP transgenic mouse with newborn
neurons labeled in green and immunolabeling for BrdU in red. A, To examine granule cell proliferation, BrdU was injected at 40 and
44 h postlesion and tissue was evaluated at 48 h postlesion. In the control dentate gyrus (left), a few BrdU 	 cells were present near
the hilar border. In the deafferented dentate gyrus (right), many BrdU 	 cells were present throughout the deafferented region
(MML, OML, CA1), representing new granule cells as well as proliferating glia. To evaluate granule cell proliferation, BrdU 	 cells
were counted only in the granule cell layer. Scale bar, 50 �m. B, To measure granule cell survival, BrdU was injected at 40 and 44 h
postlesion, and tissue was evaluated at 1 month postlesion. As at 48 h, there were more BrdU 	 cells (red) in the granule cell layer
on the lesioned side as well (right) compared to the control dentate gyrus (left). BrdU 	 cells were more widely dispersed within
the granule cell layer (arrows), consistent with neuronal maturity, whereas BrdU 	 glia were no longer apparent in the molecular
layer. Scale bar, 50 �m. C, The number of BrdU 	 cells within the granule cell layer was unaffected by the lesion when measured at
8 or 24 h (8hpl or 24hpl, respectively), but was dramatically increased in the deafferented dentate gyrus (red bars) at 48 h postlesion (48hpl,
p � 0.001). The number of BrdU 	 cells remained elevated following lesion for at least 1 month (1mpl, p � 0.05). The percentage of
surviving cells (ratio of counts 48hpl/1mpl) did not differ between the two hemispheres (34.7% lesioned vs.39.6% nonlesioned). *p �
0.05, ***p�0.001. Yellow cells are the result of z-stack compression and do not indicate colocalization with POMC-EGFP. VS2. CA1, Cornu
ammonis 1; GCL, granule cell layer; MML, middle molecular layer; OML, outer molecular layer.
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inputs from the supramammillary nuclei (Leranth and Hajszan,
2007). At 21 dpl, vGlut1 immunolabeling was relatively homoge-
neous throughout the molecular layer and hilus, but was not
present within the granule cell layer (Fig. 1D, left). In the
deafferented dentate gyrus there was no detectable labeling in
the outer two-thirds of the molecular layer (OML staining
ratio lesion/control � 0.17, n � 5 animals). Labeling was pre-
served in the inner molecular layer (IML), which was some-
what broader than the control as observed previously (Deller
et al., 1996). vGlut2 immunolabeling showed the expected
expression in a narrow band of the supragranular layer
(Boulland et al., 2009), but no detectable expression in the
denervated zone (Fig. 1E, right). The lack of vGlut1 (or
vGlut2) staining postlesion is consistent with complete per-
forant path transection, and it is also consistent with the lack
of a crossed entorhinodentate pathway in the mouse (van
Groen et al., 2002; Del Turco et al., 2003; Deller et al., 2007).

Proliferation and migration of newborn neurons following
perforant path lesion
To examine the response of newborn neurons following per-
forant path lesion, we used POMC-EGFP transgenic mice that
transiently label newborns neurons at �10 –14 days postmitosis
(Overstreet et al., 2004, Fig. 2A, left). There was an increase in the
number of EGFP	 cells in the dentate gyrus postlesion (Fig. 2A,
right) compared to the contralateral control (Fig. 2A, left) in the
same animal (control, 74 � 11 � 10 3 cells/mm 3; lesion, 107 �
22 � 10 3 cells/mm 3; p � 0.05, GLM; n � 8 animals). In addition
to the increased number, EGFP	 cells were no longer limited to
the subgranular zone but had migrated within the granule cell
layer as shown in the close-up of the suprapyramidal blade of the
dentate gyrus (Fig. 2B). To quantify the migration, we measured
the perpendicular distance between the center of each EGFP	 cell
body and the border between the subgranular zone and hilus (Fig.
2C). Newborn granule cells in the deafferented dentate gyrus
were nearly three times farther from the hilar border than those in
the contralateral control, thus shifting the distribution of new-

Figure 5. Perforant path lesion reduced outgrowth and complexity of newborn granule cell dendrites. A, At 14 days postlesion, dendritic arbors of 14-day-old POMC-EGFP 	 neurons were greatly
reduced in total length and complexity on the lesioned side (top right) compared with the contralateral control (top middle). Top left shows a projection of a confocal z-stack from which the control
cell was traced. Bottom, Retrovirally infected 21-day-old granule cells at 21 days postlesion also showed reduced dendritic outgrowth in the deafferented dentate gyrus (bottom right). Bottom left
shows a projection of a confocal z-stack from which the control granule cell was traced. Scale bar, 50 �m. B, Top, At both 14 and 21 days postlesion the total dendritic length was significantly
decreased ( p � 0.05, p � 0.001). Bottom, The number of branches in 14-day-old and 21-day-old granule cells (POMC-EGFP and Retrovirus, respectively) was also decreased on the lesioned side
( p � 0.001). C, D, Sholl analysis of 14-day-old POMC-EGFP 	 granule cell dendrites at 14 days postlesion showed an apparent shift in dendritic complexity toward the granule cell bodies/inner
molecular layer, where incoming fibers are intact (but these changes did not reach significance). However, Sholl analysis of retrovirally infected 21-day-old granule cell dendrites at 21 days postlesion
showed a decrease in complexity of distal dendritic segments in the deafferented zone ( †p � 0.001), relative to granule cells in the contralateral dentate gyrus. *p � 0.05; ***p � 0.001. Scale bars
in A, 50 �m.
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born neurons within the granule cell layer to the right (Fig. 2D;
control, 9.16 � 0.81 �m; lesion, 25 � 2.47 �m, p � 0.0001, KS
test; n � 8 animals).

Changes in neuronal activity can increase the number of new-
born neurons (Parent and Murphy, 2008), and thus we tested
whether the lesion caused an acute change in neuronal activity.
Dentate granule cells showed a transient increase in activity for
2– 4 h postlesion as measured by c-fos immunoreactivity (Fig. 3A;
control, 8.2 � 10 cells/slice; lesion, 50.92 � 11.18 cells/slice; p �
0.001, GLM; n � 6 animals; Haas et al., 1999). The increase in
c-fos was most prominent in mature granule cells, as newborn
neurons labeled with POMC-EGFP have yet to receive perforant
path input (Fig. 3A, right). Although the NMDA receptor antag-
onist MK-801 (1 mg/kg IP) blocked the postlesion activation of
mature granule cells (Fig. 3B; control, 2 � 0.95 cells/slice; lesion,
1.12 � 0.46 cells/slice; N.S., GLM; n � 6 animals; Nitsch and
Frotscher, 1992), it did not block the proliferation of newborn
granule cells observed at 14 days postlesion (Fig. 3C; control,
75 � 24 � 10 3 cells/mm 3; lesion, 107 � 18 � 10 3 cells/mm 3, p �

0.05, GLM; n � 9 animals). Similarly,
MK-801 pretreatment did not affect the
lesion-induced outward migration of
newborn granule cells (Fig. 3C; control,
9.16 � 0.84 �m; lesion, 21.3 � 3.57 �m,
p � 0.0001, KS test; n � 8 animals) or
neurogenesis in the contralateral control
dentate gyrus. Thus lesion-induced pro-
liferation and migration of newborn neu-
rons could not be attributed to the
transient release of glutamate from le-
sioned perforant path axons.

The increase in newborn neurons on
the side of the lesion could result either
from an increase in proliferation or an in-
crease in survival. Thus we injected BrdU
into lesioned mice to label dividing cells in
the dentate gyrus. Two injections of BrdU,
separated by 4 h, were used to saturate
labeling during one cell cycle (see Materi-
als and Methods). We counted the num-
ber of BrdU-labeled cells within the
granule cell layer 4 h after the last BrdU
injection (at 8, 24, and 48 h postlesion) as
an estimate of proliferation and at 1
month postlesion as an estimate of sur-
vival. At 8 and 24 h postlesion there was
only a slight increase in BrdU-labeled cells
(Fig. 4C; 8 h: control, 6.3 � 1.1 � 10 3

cells/mm 3; lesion, 7.2 � 1.4 � 10 3 cells/
mm 3, NS, ANOVA; n � 4 animals; 24 h:
control, 6.2 � 0.8 � 10 3 cells/mm 3; le-
sion, 7.3 � 1.4 � 10 3 cells/mm 3, NS,
ANOVA; n � 5 animals). However, by
48 h postlesion there was a doubling of
BrdU-labeled cells (Fig. 4A,C; control,
10.6 � 1.3 � 10 3 cells/mm 3; lesion,
21.6 � 2.6 � 10 3 cells/mm 3, p � 0.001,
ANOVA; n � 7 animals), suggesting that
the increase in EGFP	 cells was the result
of a lesion-induced proliferative response.
As expected, the majority of BrdU	 cells
were in the subgranular zone at the hilar
border. As shown in Figure 4A, right,

BrdU-labeled cells were also observed in the denervated region,
consistent with a glial response following lesion (Hailer et al.,
1999). At 1 month postlesion there was a corresponding increase
in surviving BrdU	 cells (Fig. 4B; control, 4.2 � 0.8 � 10 3 cells/
mm 3; lesion, 7.5 � 1.2 � 10 3 cells/mm 3, p � 0.05, ANOVA; n �
7 animals). Despite the increase in proliferation, the percentage
of surviving newborn granule cells [(counts at 48 h)/(counts at 1
month)] was similar between hemispheres (Fig. 4C; control,
39.6%; lesion, 34.7%, NS, � 2 test), suggesting that the survival
rate was not altered by the lesion.

Dendritic outgrowth and synapse formation postlesion
Adult-generated newborn granule cells extend dendrites into the
inner molecular layer by 2 weeks postmitosis but have yet to
receive excitatory inputs. By the third week, the dendrites reach
the outer two-thirds of the molecular layer and are contacted by
the perforant path (Overstreet-Wadiche and Westbrook, 2006).
Unlike mature granule cells that are denervated by the perforant
path lesion, we analyzed newborn cells that were dividing at the

Figure 6. Perforant path lesion decreased mEPSC frequency, but the amplitudes were increased and rise times were faster in
newborn granule cells. A, Left, Representative traces of spontaneous activity in 21-day-old granule cells at 21 days postlesion (scale
bar, 2 s/20 pA). Granule cells in the deafferented dentate gyrus (bottom trace) had fewer miniature EPSCs than the contralateral
control (top trace). Right, mEPSC frequency on the lesioned hemisphere was significantly lower ( p � 0.05). B, Left, Exemplar
traces of mEPSCs from lesioned and control hemispheres (scale bar, 5 ms/2 pA). Miniature events were larger in granule cells from
the lesioned hemisphere (red trace) than from the control (black trace). Middle, The amplitude distribution of mEPSCs was shifted
to the right in the lesioned hemisphere (red bars, p�0.0001). Right, Mean mEPSC amplitude was significantly increased following
lesion ( p � 0.05). C, Left, mEPSCs in 21-day-old granule cells from the deafferented (red) showed faster rise times than control
(black; scale bar, 2 ms). Middle, Distribution of mEPSCs rise times. Lesion shifted the distribution to the left (red bars) relative to the
contralateral control (black bars; p � 0.0001). Right, mEPSC rise times were significantly faster following lesion ( p � 0.01). *p �
0.05, **p � 0.01.
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time of the injury. This approach allowed
us to examine the effect of the perforant
path lesion on dendritic outgrowth and
synapse formation after perforant path fi-
bers have already degenerated. Dendritic
arbors at 14 days postlesion were mea-
sured using POMC-EGFP mice. Den-
drites and synaptic activity at 21 days
postlesion were measured in neurons that
had been labeled with GFP using retrovi-
ral vectors at the time of lesion (pRubi; see
Materials and Methods). Examples of la-
beled neurons are shown in Figure 5A,
left, As expected, the total length and
branch number of dendrites increased be-
tween days 14 and 21 in the control (Fig. 5
A, middle). However, the growth of den-
drites and branches was significantly less
postlesion (Fig. 5A, right, and Fig. 5B; 14
days: control, 239.5 � 26.7 �m; lesion,
202.0 � 26.4 �m, p � 0.05, GLM, n � 5
animals, 7–15 neurons per dentate gyrus;
21 days: control, 1189.7 � 119.3 �m; le-
sion, 807.2 � 109.8 �m, p � 0.0001,
GLM, n � 5 animals, 5–10 neurons per
dentate gyrus). Sholl analysis of all traces
revealed that dendritic complexity was
not affected in 14-day-old neurons when
the dendrites are confined to the inner
molecular layer (Fig. 5C, NS, repeated-
measures ANOVA), but there was a sig-
nificant reduction in the distal dendritic
complexity in 21-day-old neurons (Fig.
5D, p � 0.001, repeated-measures
ANOVA) corresponding to the dener-
vated zone.

In addition to the perforant path, den-
tate granule cells receive commissural/as-
sociational excitatory inputs located in the
inner molecular layer that are not interrupted by the lesion and
thus could provide synaptic input to adult-generated newborn
neurons. To examine this possibility, we recorded miniature ex-
citatory synaptic currents (mEPSCs) from 21-day-old granule
cells that had been GFP-labeled with the pRubi retrovirus on the
day of the lesion. mEPSCs were present at 21 days postlesion, but
the frequency was decreased in the denervated dentate gyrus
compared to the contralateral control (Fig. 6A; control, 0.13 �
0.01 Hz; lesion, 0.09 � 0.02 Hz, p � 0.05, paired t test; n � 11 and
12 neurons, respectively). The mEPSC amplitude was increased
on the lesioned side (Fig. 6B, right; control, 13.5 � 0.7 pA; lesion,
16.5 � 0.9 pA, p � 0.05, paired t test; n � 11 and 12 neurons,
respectively). The distribution of a random sample of mEPSC
amplitudes showed a rightward shift with fewer small events
(5–15 pA) and more large events (15–50 pA; Fig. 6B, center panel,
p � 0.0001, KS test). The rise time of mEPSCs was also shorter
(Fig. 6V, right; control, 1.46 � 0.08 ms; lesion, 1.21 � 0.06 ms,
p � 0.01, paired t test; n � 11 and 12 neurons, respectively). The
distribution of rise-times showed a leftward shift with an increase
in fast-rising (0 –1.5 ms) and a decrease in slow-rising (1.5–3 ms)
events (Fig. 6C, middle; p � 0.0001, KS test). The larger, more
rapidly rising mEPSCs in the denervated dentate gyrus may indi-
cate preferential input from synapses in the inner molecular layer
that are closer to the somatic recording site. These results are

consistent with the lack of vGlut1/2 staining in the denervated
zone and thus the absence of sprouting across laminar boundar-
ies (Fig. 1).

De novo dendritic spines in the denervated zone
The perforant path forms excitatory axons onto dendritic spines
of mature granule cells. Following lesioning, dendritic spines are
transiently reduced (Matthews et al., 1976a; Steward and Vinsant,
1983; Vuksic et al., 2011). We compared the impact of lesioning
on preexisting dendritic spines on mature granule cells with its
impact on de novo formation of dendritic spines on newborn
neurons. Mature and newborn granule cells were GFP labeled on
the day of the lesion with retroviral (pRubi) and lentiviral
(FUGW) vectors, respectively. At 21 days postlesion, newborn
neurons in the contralateral control had a large number of den-
dritic spines in the outer molecular layer (Fig. 7A, top left). How-
ever there were fewer newly formed spines on the lesioned side
(Fig. 7A, top right; control, 1.53 � 0.17 spines/�m; lesion, 1.22 �
0.12 spines/�m, p � 0.001, GLM; n � 7 animals). There was a
similar reduction in the number of existing spines on mature
granule cells following deafferentation (Fig. 7B, top row; control,
2.36 � 0.18 spines/�m; lesion, 1.61 � 0.13 spines/�m, p � 0.001,
GLM; n � 5 animals). In contrast, there was a 45% increase in
dendritic spines on newborn neurons in the inner molecular

Figure 7. Newborn granule cells showed layer-specific spine formation following lesion. A, Newborn granule cells at 21 days
postlesion. Newly formed dendritic spines on 21-day-old granule cells were present both in the OML (top) and the IML (bottom).
However, fewer dendritic spines formed in the denervated region (top) as compared to the contralateral control (bottom). In
contrast, newborn granule cells in the deafferented dentate gyrus developed more dendritic spines in the IML (bottom) compared
to the contralateral side (bottom left). Spine density was significantly lower than control in the deafferented OML (top right, p �
0.05), but significantly higher than control in the IML (bottom right, p � 0.01). B, Mature granule cells at 21 days postlesion. Distal
dendritic spines on mature granule cells were denervated by the lesion and were decreased in number (top middle) relative to the
nonlesioned contralateral control (top left). However, unlike newborn granule cells, the number of dendritic spines on mature
granule cells in the IML was not affected by the lesion (bottom). Mature granule cells had lower dendritic spine density in the
deafferented region (top right, p � 0.01) than those in the control hemisphere, but no change was observed in the inner molecular
layer (bottom right, NS). OML, Outer molecular layer; IML, inner molecular layer, *p � 0.05, **p � 0.01. Scale bar, 5 �m.
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layer (Fig. 7A, bottom row; control, 1.11 � 0.17 spines/�m; le-
sion, 1.61 � 0.12 spines/�m, p � 0.001, GLM; n � 7 animals).
Mature granule cells, however, did not show a change in spine
density in the inner molecular layer (Fig. 7B, bottom; control, 2 �
0.16 spines/�m; lesion, 2.02 � 0.23 spines/�m, NS, GLM; n � 5
animals). These results indicate that, following lesion, spine for-
mation on newborn granule cells can occur throughout the mo-
lecular layer, but it was most robust in areas that had intact
glutamatergic axons.

We were surprised that newborn granule cells developed den-
dritic spines in the outer molecular layer in the absence of func-
tional perforant path activity as measured by the field EPSPs.
Likewise, mature granule cells show an initial decrease in spines
following perforant path lesion, but they have been reported to
nearly completely recover (Steward and Vinsant, 1983; Vuksic et
al., 2011). To evaluate whether these spines are associated with
presynaptic terminals, we examined the synaptic ultrastructure
in the suprapyramidal blade of the dentate gyrus at 21 days
postlesion. In the dentate gyrus contralateral to the lesion, intact

asymmetric (excitatory) synapses with
presynaptic terminals and postsynaptic
densities were easily apparent throughout
the molecular layer (Fig. 8A, left), as well
as the inner molecular layer in the le-
sioned hemisphere (Fig. 8A, top right).
However, synaptic structures were dis-
rupted in the denervated zone. Degener-
ating nerve terminals were electron dense
and without clearly defined presynaptic
vesicles, whereas postsynaptic densities
were preserved (Fig. 8A, bottom right). To
quantify synaptic structures in each layer,
10 regions of interest from 4 nonadjacent
sections in each dentate gyrus were im-
aged. A synapse was considered intact if
there was a presynaptic terminal contain-
ing synaptic vesicles, a submembrane
postsynaptic density (PSD), and close ap-
position of presynaptic and postsynaptic
membranes. As shown in Figure 8B, the
number of postsynaptic densities in the
outer molecular layer was unaffected by
the lesion (PSDs: control, 60 � 11/100
�m 2; lesion, 51 � 11/100 �m 2, NS,
paired t test; n � 4 animals, 10 regions of
interest from 4 nonadjacent sections per
dentate gyrus), but presynaptic terminals
and intact/normal synapses were mark-
edly decreased in the outer molecular
layer of the denervated dentate gyrus
(axon terminal with vesicles: control,
85 � 17/100 �m 2; lesion: 24 � 9/100
�m 2, p � 0.001, paired t test; n � 4 ani-
mals; synapses, control: 28 � 5/100 �m 2;
lesion: 6 � 4/100 �m 2, p � 0.001, paired t
test; n � 4 animals, 10 regions of interest
from 4 nonadjacent sections per dentate
gyrus). Reactive gliosis was also apparent
in the denervated zone as described previ-
ously (Hailer et al., 1999; Fig. 8C, shaded
region).

Because synapses on newborn neuron
constitute only a small fraction of all syn-

apses in the molecular layer, the analysis in Figure 8 largely, if not
completely, represents synapses on mature granule cells. The rel-
ative retention of postsynaptic structures could simply represent
slow turnover of pre-existing PSDs that are no longer innervated.
However, the protocol we used for retroviral labeling of newborn
neurons samples only new dendritic spines and synapses that
formed after the lesion. Thus, to examine whether the dendritic
spines on newborn neurons have intact synaptic ultrastructure,
we performed immunoelectron microscopy on GFP-labeled
newborn neurons using an anti-GFP antibody. Because of the
relatively sparse labeling of newborn neurons with the retrovirus,
sections of the molecular layer were chosen that contained several
labeled dendritic trees (Fig. 9A, black boxes). Occasional den-
drites with punctate or electron labeling were seen in the inner
and outer molecular layers in the control and deafferented den-
tate gyrus (Fig. 9B). The low frequency of immunolabeled den-
drites precluded a quantitative analysis of spines directly attached
to labeled dendrites, and thus we counted the number of post-
synaptic densities contiguous with immunolabeled areas. Al-

Figure 8. Perforant path lesion decreased the number of presynaptic terminals and intact synapses in the denervated zone. A,
Top, Electron micrographs of the nondenervated IML at 21 days postlesion showed normal tissue structure in the control (left) and
lesioned (right) dentate gyrus. Both dentate gyri had synaptic vesicles/axon terminals (*) at intact synapses (arrow) with postsyn-
aptic densities (#). Bottom, Electron micrographs of the denervated OML (right) as compared with the outer molecular layer on the
contralateral control hemisphere (left). In contrast to the control, the denervated region was devoid of presynaptic terminals (*)
and instead showed electron-dense degenerating axons (dt) apposed to postsynaptic densities (#). Insets show more examples at
higher magnification. B, The synaptic composition in the inner and outer molecular layers was quantified by independently
counting the number of postsynaptic densities (#), the number of axon terminals (as indicated by presence of vesicles, *), and the
number of intact synapses (arrows). At 21 days postlesion, the number of postsynaptic densities was unchanged in either layer.
Presynaptic terminals and intact synapses were substantially decreased in the denervated OML ( p � 0.001) but unchanged in the
nondenervated IML (NS). C, Low-magnification micrograph (6800�) exemplifying reactive astrogliosis in the denervated outer
molecular layer. Reactive astrocytes could occupy as much as 50% of the most severely affected regions (shaded). IML, Inner
molecular layer; OML, outer molecular layer; d, dendrite; s, dendritic spine; dt, degenerating axon terminal; a, astrocyte. Scale bars,
500 nm. ***p � 0.001.
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though decreased in number, PSDs were
found on newly formed dendritic spines
in the denervated zone (Fig. 9B, right;
control, 71 � 10 PSDs/100 �m 2; lesion,
38 � 6 PSDs/100 �m 2; n � 4 animals, 10
regions of interest from 4 nonadjacent
sections per dentate gyrus); however, they
were not associated with normal presyn-
aptic structures (control, 4.4 � 1 presyn-
aptic terminals/100 �m 2; lesion, 0
terminals/100 �m 2; n � 4 animals, 15 re-
gions of interest from 5 nonadjacent sec-
tions per dentate gyrus) or with intact
synapses (control, 3 � 1 synapses/100
�m 2; lesion, 0 synapses/100 �m 2; n � 4
animals, 15 regions of interest from 5
nonadjacent sections per dentate gyrus).
Given the semiquantitative nature of this
experiment, p values could not be
determined.

Discussion
We used a classic injury model— unilat-
eral lesion of the perforant path —to dem-
onstrate that selective deafferentation of
the adult dentate gyrus alters the matura-
tion and functional integration of new-
born granule cells. We focused on
newborn neurons dividing at the time of
lesion and thus evaluated the initial neu-
rogenic response as well as de novo den-
dritic outgrowth and synaptogenesis in
the absence of excitatory input from the
entorhinal cortex. This approach allowed
us to compare mature granule cells that were denervated by the
lesion with newborn granule cells that were never innervated by
the perforant path.

An initial neurogenic response to perforant path lesion
Adult-generated newborn neurons are highly sensitive to envi-
ronmental and molecular stimuli. For example, exercise and neu-
ral activity as well as trophic factors can increase proliferation and
survival, whereas severe stress and adrenal steroids decrease neu-
rogenesis (Gould and Tanapat, 1999; Tashiro et al., 2007; Vivar et
al., 2012). Brain injury such as trauma, seizures, and ischemia can
also stimulate neurogenesis (Bengzon et al., 1997; Liu et al., 1998;
Dash et al., 2001; Parent and Lowenstein, 2002). In our experi-
ments a chronic denervating injury triggered proliferation of
newborn granule cells, as was also reported following a chemical
perforant path lesion (Cameron et al., 1995; Gould and Tanapat,
1997). Although a substantial portion of newborn neurons nor-
mally undergo cell death (Kuhn et al., 2005; Sierra et al., 2010), in
our experiments the same fraction of newborn cells survived 30
days in the lesioned and nonlesioned hemisphere, indicating that
the “extra” new neurons had an equal chance of integrating into
the circuit and thus could potentially contribute to repair of the
neural circuitry.

The factors contributing to proliferation of new neurons fol-
lowing brain injury are likely multifactorial and context depen-
dent. Reductions in cell spiking and spontaneous activity of
mature granule cells typically accompany denervation (Reeves
and Steward, 1988; Temple et al., 2003). Previous studies using
pharmacological manipulation of NMDA receptors and entorhi-

nal lesions have suggested an inverse relationship between affer-
ent input and neurogenesis (Cameron et al., 1995; Cameron et al.,
1998). In our experiments, mature granule cells were transiently
activated by perforant path lesions as detected by c-fos immuno-
reactivity. However, blocking this burst of activity with MK-801
did not affect lesion-induced proliferation or neurogenesis in the
control hemisphere, suggesting that factors other than changes in
circuit activity play a role in lesion-induced proliferation. For
example, proliferation did correspond with the time of microglial
activation in the denervated zone (days 2–3; Gehrmann et al.,
1991; Hailer et al., 1999; Dissing-Olesen et al., 2007) and the
subsequent appearance of reactive gliosis (day 7, Hailer et al.,
1999). Reactive astrocytes produce growth inhibitors as well as
trophic factors and growth substrates conducive to regeneration
(Sofroniew, 2009; Sofroniew and Vinters, 2010). For example,
astrocytes show increased expression of basic fibroblast growth
factor following injury (Gómez-Pinilla et al., 1992), thus poten-
tially driving stem cell proliferation, differentiation, and survival
(Gage et al., 1995).

Circuit reorganization following denervation
Although brain injury can stimulate neurogenesis, relatively little
is known about postinjury functional integration of newborn
neurons. Perforant path lesions have traditionally been used to
characterize mature granule cells and the reorganization of their
inputs. For example, dendritic complexity and spine density of
mature granule cells decrease following removal of the perforant
path (Parnavelas et al., 1974; Matthews et al., 1976a; Caceres and
Steward, 1983; Diekmann et al., 1996; Schauwecker and McNeill,
1996; Vuksic et al., 2011) despite injury-induced sprouting of

Figure 9. Perforant path lesion did not preclude formation of postsynaptic specializations on newborn granule cell dendrites in
the deafferented zone. A, Flat embeds of immunostained EM tissue at 21 days postlesion, 40 �m sections. Newborn neurons were
labeled with retroviral injection on the day of the lesion, thus labeling granule cells that developed in the absence of perforant path
input. Labeled newborn neurons were present in the control (left) and lesioned (right) dentate gyrus. Black squares outline
examples of densely immunolabeled regions of the suprapyramidal blades that were chosen for thin sectioning and subsequent
analysis. White squares indicate approximate regions pictured in B. B, Left, Immunoelectron micrograph of the outer molecular
layer in the control dentate gyrus, 75 nm section. Labeled dendrite (d) of a 21-day-old control newborn granule cell had dendritic
spines (s), a developing postsynaptic density (#), and initial features of a synapse forming with an axon terminal (*). Left inset,
Close-up of another newly formed synapse (arrow) between an axon terminal (*) and a labeled 21-day-old newborn granule cell
with a postsynaptic density (#). Right, Immunoelectron micrograph of the denervated outer molecular layer in the lesioned
hemisphere, 75 nm section. A prominently labeled 21-day-old new granule cell had a postsynaptic density (#) that was apposed
only by a degenerated axon terminal (dt). Right inset, Another example of a labeled dendritic spine with a postsynaptic density (#)
apposed by a degenerating terminal (dt). Postsynaptic densities in the denervated zone were often curvilinear rather than the
straight PSD characteristic of the control. Scale bar (in B), 500 nm.
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uninjured pathways (Deller and Frotscher, 1997), including
commissural/associational axons (Gall and Lynch, 1981;
Schauwecker and McNeill, 1995), septohippocampal cholinergic
fibers (Stanfield and Cowan, 1982), and central noradrenergic
fibers (Peterson, 1994). However, we examined de novo dendritic
outgrowth and spine formation by labeling newborn neurons
that were dividing at the time of lesion.

Dendrites of newborn neurons penetrated into the denervated
zone but had simpler morphology, indicating that local presyn-
aptic activity is important for developing dendrites (e.g., Tashiro
et al., 2006). The simplified morphology of newborn dendrites
was comparable to the retraction of distal dendrites in mature
granule cells, suggesting that presynaptic activity also plays a role
in maintenance of preexisting dendrites (Diekmann et al., 1996).
Denervated newborn granule cells were not chronically silenced,
as they showed synaptic activation by other pathways at 21 days
postlesion. The increase in de novo dendritic spines in the inner
molecular layer and the increase in the amplitude and rise time of
EPSCs in newborn neurons indicated that excitatory axons could
form new synapses with newborn granule cells; however, synap-
togenesis appeared to be localized to the uninjured region. Earlier
studies in rats reported a partial recovery of excitatory synapses in
the denervated outer molecular layer (Matthews et al., 1976b);
however, whether this recovery is a result of translaminar sprout-
ing has been controversial (Deller et al., 2001; Del Turco et al.,
2003; Phinney et al., 2004). Our experiments in mice indicated
that no glutamatergic axons were present in the denervated zone.
This discrepancy is likely the result of species differences in the
organization of afferents; rats have a crossed entorhinodentate
projection that terminates in the outer molecular layer, whereas
this projection has not been detected in mice (van Groen et al.,
2002; Del Turco et al., 2003; Deller et al., 2007). Whether laminar
barriers reflect residual preexisting laminar cues or are produced
postlesion by reactive gliosis is not yet clear (Bechmann and
Nitsch, 2000; Collazos-Castro and Nieto-Sampedro, 2001; Deller
et al., 2001; Deller et al., 2006).

Is a spine a marker of a functional excitatory
synapse postlesion?
The presence of dendritic spines is usually taken as a proxy for the
presence of functional glutamatergic excitatory synapses. Den-
dritic spines on newborn neurons were present in the outer mo-
lecular layer in the absence of excitatory input. Importantly,
unlike mature neurons, spines on newborn neurons formed �2
weeks after the lesion. Thus, at least in the setting of denervation,
dendritic spines can form on newborn neurons without intact
perforant path axon terminals. In addition, a substantial number
of dendritic spines on mature cells in the outer molecular layer
were present 3 weeks after denervation, which may represent
either maintenance of existing spines or formation of new spines.
Interestingly, postsynaptic specializations (junctional folds) at
the frog neuromuscular junction are maintained following de-
nervation (Birks et al., 1960), possibly because perisynaptic
Schwann cells come in direct contact with denervated junctional
folds, release acetylcholine, and trigger small postsynaptic poten-
tials (Katz and Miledi, 1959; Miledi and Slater, 1968). Spine den-
sities on mature granule cells in vivo have been reported to
recover to near normal level by 30 –180 days postlesion (Parna-
velas et al., 1974; Caceres and Steward, 1983; Vuksic et al., 2011),
although it is not clear whether regeneration requires presynaptic
input. Studies of weaver mice, which lack presynaptic parallel
fibers, indicate that dendritic spines can form on deafferented
cerebellar Purkinje cells (Hirano and Dembitzer, 1973; Sotelo,

1990). Similarly, in vitro denervation of mature granule cells in
organotypic entorhinohippocampal cultures did not affect new
spine formation, but the authors observed changes in spine sta-
bility and synaptic activity (Vlachos et al., 2012a, Vlachos et al.,
2012b). In our in vivo experiments there was no evidence of intact
presynaptic terminals in the denervated zone at 21 days postle-
sion. Thus, mature granule cells can retain and regenerate spines
postlesion, whereas newborn neurons do not require perforant
path input for spine formation in the outer molecular layer.

It is interesting to consider signals that substitute for presyn-
aptic terminals in the induction of de novo dendritic spines or in
the maintenance of mature spines following denervation. As the
tissue reacts to neural injury, the environment for dendritic spine
and synapse formation may be markedly different from normal
development (Mori et al., 2005). For example, in addition to
glutamatergic inputs, other transmitters—including GABAergic
or cholinergic inputs— could serve as trophic signals following
injury (Lauder, 1993; Ben-Ari, 2002; Overstreet-Wadiche et al.,
2005). It is also possible that signals from reactive astrocytes or
microglia that invade the denervated zone could induce or main-
tain dendritic spines. For example, glia-derived signals might be
neurotransmitters or trophic factors (Sofroniew and Vinters,
2010), as well as extracellular matrix proteins such as thrombos-
pondins (Möller et al., 1996; Christopherson et al., 2005) or ma-
trix metalloproteinases (Warren et al., 2012).

Limits to growth
Adult-generated newborn neurons can navigate the adult envi-
ronment and integrate into neural circuits. In our experiments,
the net effect of the denervating injury on newborn neurons was
to promote an increase in newborn neurons consistent with the
potentially positive influences of the injured environment on
neural regeneration and repair. Furthermore, newly produced
granule cells showed enhanced structural plasticity. Specifically,
newborn granule cells had an altered distribution of dendritic
spines postlesion, presumably to accommodate sprouting of in-
tact commissural/associational fibers (Matthews et al., 1976b).
Given their enhanced short-term plasticity (Schmidt-Hieber et
al., 2004), newborn neurons may out-recruit mature cells for
sprouting collaterals and may thus have an advantage in de novo
synaptogenesis and circuit reorganization. Although de novo
spines on newborn neurons appeared ready and willing to accept
new synapses, laminar barriers in the dentate gyrus limit full
repair of the excitatory network.
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