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Abstract
Dentate granule cells play a critical role in the function of the entorhinal-hippocampal circuitry in
health and disease. Dentate granule cells are situated to regulate the flow of information into the
hippocampus, a structure required for normal learning and memory. Correspondingly, impaired
granule cell function leads to memory deficits, and, interestingly, altered granule cell connectivity
may contribute to the hyperexcitability of limbic epilepsy. It is important, therefore, to understand
the molecular determinants of synaptic connectivity of these neurons. Brain-derived neurotrophic
factor and its receptor TrkB are expressed at high levels in the dentate gyrus (DG) of the
hippocampus, and are implicated in regulating neuronal development, neuronal plasticity,
learning, and the development of epilepsy. Whether and how TrkB regulates granule cell structure,
however, is incompletely understood. To begin to elucidate the role of TrkB in regulating granule
cell morphology, here we examine conditional TrkB knockout mice crossed to mice expressing
green fluorescent protein in subsets of dentate granule cells. In stratum lucidum, where granule
cell mossy fiber axons project, the density of giant mossy fiber boutons was unchanged,
suggesting similar output to CA3 pyramidal cell targets. However, filopodial extensions of giant
boutons, which contact inhibitory interneurons, were increased in number in TrkB knockout mice
relative to wildtype controls, predicting enhanced feedforward inhibition of CA3 pyramidal cells.
In knockout animals, dentate granule cells possessed fewer primary dendrites and enlarged
dendritic spines, indicative of disrupted excitatory synaptic input to the granule cells. Together,
these findings demonstrate that TrkB is required for development and/or maintenance of normal
synaptic connectivity of the granule cells, thereby implying an important role for TrkB in the
function of the granule cells and hippocampal circuitry.
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INTRODUCTION
Hippocampal dentate granule cells have polarized morphologies, with dendrites projecting
from the apex of the cell body into the dentate molecular layer and axons projecting from
the basal pole into the dentate hilus and CA3 pyramidal cell layer. Excitatory afferents to
granule cell dendrites in the molecular layer are organized into three distinct lamellae. The
layer two cells of lateral and medial entorhinal cortex (EC) project to the outer and middle
thirds of the granule cell dendritic tree, respectively, whereas excitatory synaptic inputs to
the inner third of the granule cell dendritic tree are derived principally from associational-
commissural afferents. Granule cell axons, called mossy fibers, are equally complex. Mossy
fiber axons exhibit three distinct presynaptic terminal specializations, giant mossy fiber
boutons, filopodial extensions of these boutons, and en passant terminals. These terminals
have distinct synaptic partners. Giant mossy fiber boutons contact and excite glutamatergic
CA3 pyramidal cells, while en passant and filopodial terminals excite GABAergic inhibitory
interneurons. These inhibitory neurons constitute the primary efferent target of granule cells
and provide feedforward inhibition to CA3 pyramidal cells (Frotscher, 1989; Acsády et al.,
1998; Seress et al., 2001). Feedforward inhibition of pyramidal cells is likely critical for
normal hippocampal function, as granule cell—CA3 pyramidal cell synapses are extremely
robust, because trains of action potentials in a single granule cell are sufficient to fire its
target CA3 pyramidal cell (Henze et al., 2002). Feedforward inhibition of pyramidal cells
provides a mechanism to keep this powerful synapse in check. Correspondingly, disruptions
in the connectivity of dentate granule cells are thought to play a key role in the development
of limbic epilepsy.

Brain-derived neurotrophic factor (BDNF) and its receptor TrkB are important regulators of
granule cell morphology. Both molecules are expressed at high levels by granule cells, and
BDNF protein is concentrated in the inner and middle molecular layers of the DG (Conner et
al., 1997; Danzer et al., 2004a). Moreover, BDNF protein is localized to all three
presynaptic terminal specializations of granule cells (Danzer and McNamara, 2004).
Functionally, BDNF modulates synaptic inhibition (Olofsdotter et al., 2000) and plasticity
(Messaoudi et al., 1998; Asztely et al., 2000; reviewed by Bramham and Messaoudi, 2005)
of neocortical—granule cell synapses and is required for long-term potentiation of the
granule cell—CA3 pyramidal cell synapses (Huang et al., in press). BDNF and TrkB also
play important roles in the development of epilepsy (reviewed by Binder and Scharfman,
2004). In tissue from humans with epilepsy, BDNF mRNA and protein levels are increased
(Mathern et al., 1997; Takahashi et al., 1999; Murray et al., 2000) and addition of BDNF
enhances excitability in tissue from epileptic animals (Scharfman et al., 1999) and humans
(Zhu and Roper, 2001). During epileptogenesis, BDNF protein levels are increased in
granule cell pre-synaptic terminals (Danzer and McNamara, 2004) and TrkB receptors are
activated in the mossy fiber pathway in multiple models of limbic epileptogenesis (Binder et
al., 1999; He et al., 2002; Danzer et al., 2004b). Transgenic overexpression of BDNF
sensitizes mice to chemoconvulsant-induced status epilepticus (Croll et al., 1999; Lähteinen
et al., 2003) and reduced expression of BDNF impairs epileptogenesis (Kokaia et al., 1995;
He et al., 2004). Similarly, overexpression of truncated TrkB, which acts as a dominant
negative receptor of BDNF, reduces epileptogenesis (Lähteinen et al., 2002). Finally, in the
conditional TrkB knockout line utilized for the present study, kindling epileptogenesis was
completely blocked (He et al., 2004).
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Together, these data indicate that BDNF and TrkB are important regulators of granule cell
function and that under pathological conditions regulation by these molecules may promote
the development of epilepsy. Given the almost ubiquitous presence of these molecules at all
types of granule cell inputs and outputs, however, the net effect of TrkB is unclear. To gain
insight into this question, we examined granule cell morphology in conditional TrkB
knockout mice by crossing these animals to mice expressing GFP in dentate granule cells.
Synaptic inputs were assessed by examining dendritic structure and dendritic spines in the
inner, middle, and outer molecular layers. Synaptic outputs were assessed by examining
giant mossy fiber boutons and giant mossy fiber bouton filopodia. These data provide
insight into how TrkB regulates the structure of synaptic inputs and outputs of hippocampal
dentate granule cells.

MATERIALS AND METHODS
All procedures conformed to NIH and Institutional guidelines for the care and use of
animals. All analyses were conducted with the researcher blinded to genotype and treatment
group.

Thy 1 GFP-Expressing Mice
Thy 1 green fluorescent protein (GFP)-expressing mice from the M line were maintained on
a C57/B6 background (Feng et al., 2000). The Thy 1 promoter belongs to the
immunoglobulin superfamily and drives expression in many neuronal as well as some non-
neuronal cells (Feng et al., 2000; Danzer and McNamara, 2004; Walter et al., 2007).
Importantly, the dentate granule cells labeled by GFP in our study appear to represent
typical granule cells, in that their somatic, dendritic, and axonal architectures replicate
patterns revealed by other techniques (Cajal, 1911).

Thy 1 GFP-Expressing Conditional TrkB Knockout Mice
As specified below, symbols in parentheses following genotype specify presence (+) or
absence (−) of the TrkB allele. TrkB mutant mice were generated with Cre/lox P technology
(Gu et al., 1994) as described previously (Zhu et al., 2001; He et al., 2004). In these animals,
the first coding exon of the TrkB gene, which encodes the signal peptide and the first 40
amino acids of the N terminus of TrkB, was flanked by two lox P sites (“floxed”). Crossing
these TrkBflox/flox (+/+) mice to transgenic mice expressing cre recombinase driven by the
synapsin 1 promoter (synapsin cre positive, +/+) generated progeny in which expression of
the floxed gene was selectively eliminated in many CNS neurons (synapsin cre positive
TrkBflox/flox [−/−]). Full length TrkB expression in these animals is reduced in neurons
within neocortex, pyriform cortex, amygdala, thalamus, hypothalamus and brainstem; in the
hippocampus, full length TrkB expression is reduced in CA1 and is undetectable in CA3 and
DG (He et al., 2004). Consistent with this pattern, crossing the synapsin cre mice to the
Rosa-26 reporter line revealed cre recombinase activity in the overwhelming majority of
dentate granule cells. Finally, although recombination is expected to eliminate both full
length and truncated TrkB isoforms, minimal reductions of truncated TrkB levels were
detected in dentate and CA3 regions of TrkB−/− mice (He et al., 2004). This presumably
reflects the fact that truncated TrkB is expressed primarily by non-neuronal cells, which are
not targeted by synapsincre driven recombination.

To generate the mice for the present study, synapsin cre negative, TrkBwt/flox (+/+) mice on
a 129/C57/ICR background were crossed to Thy 1 GFP-expressing mice on a C57/B6
background to generate GFP-expressing, synapsin cre negative, TrkBwt/flox (+/+) offspring.
The F1 generation from this cross was bred to synapsin cre positive, TrkBwt/flox (+/−)
animals on the 129/C57/ICR background to generate the offspring used for experiments.
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With this design, all GFP-expressing offspring are hemizygous for the Thy1 GFP transgene.
Six synapsin cre positive TrkBflox/flox (−/−) mice, four synapsin cre positive TrkBwt/wt (+/+)
mice, three synapsin cre negative TrkBwt/wt (+/+) mice, and four synapsin cre negative
TrkBflox/flox (+/+) mice were used. Hereafter, synapsin cre positive TrkBflox/flox (−/−) mice
will be referred to as TrkB−/−, and all other genotypes (possessing both TrkB alleles) will be
referred to as TrkB+/+.

At two months of age, mice were overdosed with pentobarbital (100 mg/kg) and perfused
through the ascending aorta with 4% paraformaldehyde with 1 U/ml heparin in phosphate
buffered saline (PBS) (pH 7.4). Forty μm sagittal sections were cut on a cryostat and
processed with rabbit polyclonal anti-GFP (1:1000; Chemicon) and goat Alexa Fluor 488
antirabbit antibodies (1:750; Molecular Probes). For each TrkB null mouse, littermate
controls were processed simultaneously in the same reaction dishes to assure similar
immunostaining in all genotypes.

Fluoro-Jade B Staining
Fluoro-Jade B (Histo-Chem Inc., Jefferson, AR) staining was conducted according to
established procedures (Schmued et al., 1997). Sections from animals treated with
pilocarpine, to induce status epilepticus and neuronal death, were included as positive
controls. Fluoro-Jade B staining of the positive control sections showed extensive labeling
of hippocampal and cortical neurons (Fig. 1, lower panel), confirming the efficacy of the
protocol. Sections were analyzed using a Leica DMIRE2 inverted microscope equipped with
a 63X oil immersion objective (NA 1.4). The number of Fluoro-Jade B positive neurons was
determined in the DG for TrkB−/− and TrkB+/+ mice. Cell counts were made from four
sections per animal.

Anatomical Measures
The following general guidelines were used for all image collection and analysis. Only
granule cells brightly labeled with GFP were selected for analysis. GFP-expressing dentate
granule cells were imaged using a Leica TCS SL confocal microscope set up on a Leica
DMIRE2 inverted microscope equipped with epifluorescent illumination and a 63X oil
immersion objective (NA 1.4). Using this system, 3D Z-series stacks were captured at 0.2
μm increments with the pinhole set to 1 Airy unit. Images were captured using 1–6X optical
zoom. Quantitative measurements of confocal z-series stacks were made using the
Metamorph Imaging system (Universal Imaging Corporation, West Chester, PA, version
4.5r6) or the Neurolucida system (Microbrightfield, Williston, VT). No corrections were
made for tissue shrinkage during processing, so size measurements are expected to
underestimate in vivo values.

The hippocampal DG contains a heterogeneous population of neurons. This heterogeneity
likely reflects differences in function among granule cells, but is manifest in part by
position-dependent variability in morphology (Desmond and Levy, 1985; Green and
Juraska, 1985; Claiborne et al., 1990). In the present study, we have attempted to account for
this variability by examining positionally defined granule cell sub-populations. Even so, it
was not always possible to examine the same subpopulation for a given measure. Tracing
mossy fiber axons measured in stratum lucidum back to a cell body in the superior or
inferior blade, for example, is impractical with the present approach. For the present study,
however, we were able to focus our analyses on four subpopulations of granule cells; (1)
granule cells located in the outermost region of the superior blade (granule cell-molecular
layer border or within one cell body of the border; for example see Figure 2, arrow); (2)
granule cells located along the innermost region of the superior blade (granule cellhilar
border; for example see Fig. 2, arrowhead); (3) granule cells located throughout the superior
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blade (Fig. 2, S); and (4) granule cells from the entire population at the septotemporal level
examined. All neurons in the study were from the same septotemporal level (Fig. 2;
corresponding to Fig. 113 of Paxinos and Franklin’s The Mouse Brain, 2001).
Subpopulations 1 and 2 reflect the oldest and youngest granule cells, respectively, based on
their migration patterns (Altman and Das, 1965; Altman and Bayer, 1990), and were
examined separately for analyses of primary dendrite number. Subpopulation 1 was also
used for measures of spine density for inner molecular layer dendrites, while dendritic spine
densities in the middle and outer molecular layers were obtained from subpopulation 3.
Finally, mossy fiber axon measurements and soma profile area measurements reflect granule
cells from subpopulation 4. Naturally, our conclusions are limited to the granule cell
subpopulations examined, and are not necessarily generalizable to other subpopulations or
septotemporal levels.

Soma Area
Soma profile area was measured from confocal images collected using 1X optical zoom.
Image stacks were imported into Neurolucida software for quantification. A minimum of 10
neurons per animal were quantified.

Mossy Fibers
Mossy fiber axons of dentate granule cells were imaged in stratum lucidum of CA3b (as
defined by Lorente de Nó, 1934; this region also corresponds to the midportion of CA3
which is bounded by the tips of the blades of the DG proximally and the edge of the fimbria
distally, Ishizuka et al., 1995). Images for mossy fiber bouton analysis were collected from
the center of CA3b (see Fig. 2, box 4), and only suprapyramidal mossy fiber boutons were
examined—boutons within or below (infra-pyramidal) the pyramidal cell layer were
excluded. Giant mossy fiber boutons were defined as having a cross sectional area of 4 μm2

or greater (Claiborne et al., 1986; Acsády et al., 1998). Electron microscopy studies have
demonstrated that expansions with an area less than 4 μm2 are either en passant terminals,
accumulations of mitochondria, or tissue artifacts. En passant terminals are functionally
distinct since they contact inhibitory interneurons rather than the CA3 pyramidal cells
targeted by giant mossy fiber boutons (Acsády et al., 1998); however, given the uncertainty
as to whether the smaller expansions in our samples reflect actual synapses, they were not
examined in the present study. Qualitative observations confirmed the efficacy of
distinguishing giant mossy fiber boutons from en passant terminals (or artifacts) based on
size. Expansions greater than 4 μm2 consistently exhibited the morphological characteristics
of giant mossy fiber boutons, including irregular perimeters and the frequent presence of
filopodia. In contrast, expansions less than 4 μm2 typically had regular perimeters, were
always “in line” with the main axon (giant boutons were sometimes connected to the main
axon by short stalks), and never exhibited filopodia. Finally, filopodial extensions of giant
mossy fiber boutons were also quantified. Similar to en passant terminals, filopodia also
contact inhibitory interneurons; however, these synapses can be reliably identified by light
microscopy (Acsády et al., 1998). Filopodial extensions were defined as protrusions
exceeding 1 μm in length (Amaral, 1979; Amaral and Dent, 1981). At least 10 mossy fiber
boutons from each animal were imaged for bouton and filopodial measurements. In addition,
to determine mossy fiber bouton density, ~500–1,000 μm of mossy fiber axon per animal
(5–6 separate axons) was imaged within CA3b.

Primary Dendrite Number
Primary dendrite number, defined as the number of dendrites originating from the soma of a
neuron, was determined from up to nine adjacent sections from each animal using
fluorescence microscopy. Sections were examined in series, and primary dendrite number
was determined on every dentate granule cell meeting the selection criteria until 9–15
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neurons were counted. To meet selection criteria the cell body had to be located on the
dentate granule cell layer-molecular layer border or on the granule cell layer-hilar border
(these populations were examined separately). The cell bodies of all neurons examined were
contained within the tissue section, such that all primary dendrites could be accurately
counted.

Spine Measurements
Images of granule cell dendrites were obtained from the inner, middle, and outer molecular
layers. Regions were selected using fluorescent microscopy, and then imaged with the
confocal microscope using a 63X (NA 1.4) objective at 6X optical zoom (approximate field
size 40 μm). For each animal and region, dendrites from three different neurons were
imaged. Figure 2 shows examples of regions selected for imaging inner (box 1), middle (box
2), and outer (box 3) molecular layer dendrites. Images were used to determine mean spine
density and cross sectional profile area. For spine density, all spines along the selected
dendritic segment were counted, and for profile area, every 10th spine was measured using
Neurolucida software. Since spines begin to approach the limits of resolution of light
microscopy, area measurements should be interpreted only relative to the other groups.
Measurements of absolute spine areas would require electron microscopy. Importantly,
however, light level area measurements avoid the arbitrary nature of classifying spines by
type (mushroom, filopodial, etc.), since serial electron microscopy studies indicate a
continuum of spine geometries in granule cells rather than distinct subclasses (Trommald
and Hulleberg, 1997).

Statistics
For all statistical analyses, repeated measurements of a parameter from a single animal were
averaged to avoid pseudoreplication. Statistical equivalence among TrkB+/+ groups
(synapsin cre positive TrkBwt/wt[+/+], synapsin cre negative TrkBwt/wt[+/+] and synapsin
cre negative TrkBflox/flox[+/+]) was assessed by analysis of variance (ANOVA). Equivalent
groups were combined and compared to TrkB−/− mice using Student’s t-test.

Figure Preparation
Confocal images are two-dimensional maximum projections generated from series of
confocal images through the z-axis of the observed structure. Maximum projections were
generated using Leica LCS software (version 2.61). Figures were prepared in Adobe
Photoshop (version 7.0). In some cases, images are montages generated from the confocal z-
series of a structure. This processing removed adjacent structures located above or below the
observed structure which would obscure the two-dimensional representation. In no cases,
however, was the neuronal structure that is the focus of a figure altered. Contrast and
brightness were adjusted to optimize figure clarity. All images meant for comparison
received identical adjustments. All images are pseudocolor.

RESULTS
GFP-Expressing Conditional TrkB−/− Mice

To assess the integrity of hippocampal dentate granule cell circuitry, conditional TrkB−/−

mice were crossed to mice expressing GFP in a subset of dentate granule cells. In granule
cells expressing GFP in this mouse line, GFP is readily detectable in dendrites (Fig. 3),
dendritic spines (Fig. 7), mossy fiber axons (Fig. 5), and mossy fiber axon presynaptic
terminals (Fig. 4). GFP-labeled granule cells in TrkB−/− mice appeared grossly normal, their
structure being consistent with that described in previous studies (Cajal, 1911; Seress and
Pokorny, 1981; Claiborne et al., 1986; Claiborne et al., 1990; Yan et al., 2001; Jones et al.,
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2003). Granule cell dendrites projected into the molecular layer and terminated at the
hippocampal fissure, while mossy fiber axons projected into the hilus and stratum lucidum.
No qualitative disruptions in the laminar distribution of mossy fibers were noted relative to
controls. The majority of mossy fibers were located in the hilus and stratum lucidum, with
occasional fibers entering the pyramidal cell layer or infra-pyramidal region in CA3c.
Within stratum lucidum, occasional GFP-labeled CA3 pyramidal cells were observed to
possess thorny excrescences (not shown), the postsynaptic structures contacted by granule
cell giant mossy fiber boutons. Although not quantified in the present study, the presence of
these post-synaptic structures implies that TrkB is not required for their persistence.

Dentate Granule Cell Death Is Not Increased in TrkB−/− Mice
Among the hundreds of neurons examined in these animals, no GFP-labeled granule cells
with obvious degenerative changes were observed. Consistent with this observation, staining
with the degenerative cell marker Fluoro-Jade B revealed no qualitative increase in granule
cell death (Fig. 1). Only two Fluoro-Jade B positive cells were found in the dentate in these
animals; one from a TrkB+/+ and one from a TrkB−/− mouse (not shown). These results
suggest that TrkB is not required for the survival of the majority of granule cells, at least for
the time point (two months) examined.

Granule Cells of TrkB −/− Mice Exhibit Increased Numbers of Filopodial Axonal Terminal
Specializations

Filopodial extensions originate from granule cell mossy fiber boutons. To determine
whether the number or structure of these extensions was altered in TrkB−/− mice, confocal
microscopy was used to image 176 giant mossy fiber boutons and their associated filopodial
extensions (112 boutons from 11 TrkB+/+ mice and 64 boutons from 6 TrkB−/− mice). For
each animal, at least 10 randomly selected giant boutons were imaged. Average filopodial
length and number per mossy fiber bouton was determined from these images. In TrkB−/−

mice, the number of filopodia per mossy fiber bouton was increased almost two-fold relative
to TrkB+/+ littermates (Fig. 4, TrkB+/+, 0.77 ± 0.12; TrkB−/−, 1.56 ± 0.25; P < 0.01).
Average filopodial length, however, was not significantly altered (TrkB+/+, 2.37 ± 0.24 μm;
TrkB−/−, 2.72 ± 0.31; P = 0.39). Filopodial extensions constitute part of an important
feedforward inhibitory pathway that limits CA3 pyramidal cell excitation (Frotscher, 1989;
Acsády et al., 1998; Seress et al., 2001). The present finding suggests that this inhibitory
pathway is enhanced in TrkB−/− mice.

Mossy Fiber Bouton Density and Area Are Unchanged in TrkB−/− Mice
To determine whether granule cell-CA3 pyramid contacts might also be altered in TrkB−/−

mice, the structure and density of giant mossy fiber boutons was determined using confocal
microscopy and quantitative neuronal reconstructions. Giant boutons were present and
appeared grossly normal in the TrkB−/− mice. Giant boutons can contain more than 30
synaptic release sites and are packed with synaptic vesicles (Chicurel and Harris, 1992;
Acsády et al., 1998). Changes in the number of release sites and/or synaptic vesicle content
might be reflected by changes in bouton size (Pierce and Milner, 2001). An analysis of the
cross sectional area of individual boutons, however, revealed no significant differences
between TrkB−/− and TrkB+/+ mice (Fig. 4; TrkB+/+, 10.60 ± 0.35 μm2; TrkB−/−, 10.62 ±
0.52 μm2). Moreover, no difference in the number of mossy fiber boutons per 100 μm of
axon was found between TrkB−/− and TrkB+/+ mice (Fig. 5; TrkB+/+, 0.96 ± 0.05 MFB/100
μm; TrkB−/−, 1.06 ± 0.08).
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Soma Area Is Unaffected by TrkB Deletion
Mean soma profile area was determined from 144 granule cells from TrkB+/+ mice and 72
granule cells from TrkB−/− mice. Mean profile area was unchanged in TrkB−/− mice relative
to wildtype littermates (TrkB+/+, 91.0 ± 2.3 μm2; TrkB−/−, 90.6 ± 6.2; P = 0.931).

Decreased Dendrite Number in TrkB−/− Mice
In addition to regulating synaptic terminal properties, TrkB is implicated in regulating the
formation of new dendrites. Specifically, overexpression of the TrkB ligand BDNF
increased dendrite number both in vitro (Danzer et al., 2002) and in vivo (Tolwani et al.,
2002). To determine whether dendrite formation was reduced in TrkB−/− mice, primary
dendrite number was determined for two populations of granule cells; those located along
the granule cell-molecular layer border and those located along the granule cell layer-hilar
border. These two populations are morphologically distinct, with the former typically
possessing multiple primary dendrites and the latter typically only a single, radially
projecting dendrite (Cajal, 1911; Green and Juraska, 1985; Claiborne et al., 1990;
Ambrogini et al., 2004; Redila and Christie, 2006). Along the molecular layer border, 111
granule cells from 11 TrkB+/+ mice and 57 granule cells from 6 TrkB−/− animals were
examined. A 27% reduction in number of primary dendrites was detected among granule
cells of TrkB−/− mice relative to TrkB+/+ littermates (Fig. 6; TrkB+/+, 2.79 ± 0.09; TrkB−/−,
2.03 ± 0.15; P < 0.001). In contrast, examination of 196 granule cells located along the hilar
border (114 cells from 11 TrkB+/+ mice, 82 from 6 TrkB−/− mice) revealed no difference in
primary dendrite number (Fig. 3). As expected, the majority of these cells exhibited only a
single primary dendrite (TrkB+/+, 1.08 ± 0.03; TrkB−/−, 1.08 ± 0.05; P = 0.944). These
findings suggest that endogenous TrkB may play a role in promoting the formation of
additional primary dendrites for older granule cells located along the molecular layer border.

Increased Spine Area in TrkB−/− Mice
To determine whether granule cells exhibiting reduced dendrite number also exhibited
changes in spine number or structure, the proximal dendrites of granule cells located along
the molecular layer border were imaged using confocal microscopy. Excitatory synaptic
inputs to the inner third of the granule cell dendritic tree are derived principally from
associational-commissural afferents. Here, dendritic spines in the inner molecular layer
receiving these inputs were examined. For each animal, three dendritic segments from three
different neurons were examined (33 segments from 11 TrkB+/+ mice, 18 segments from 6
TrkB−/− mice).

Spine density was not significantly altered in the inner molecular layer of TrkB−/− mice
relative to littermate controls (TrkB+/+, 1.51 ± 0.08 spines/μm; TrkB−/−, 1.45 ± 0.12),
suggesting similar numbers of associational-commissural inputs between genotypes. A
statistical power analysis of these data revealed a 99% chance of detecting a 50% change in
spine density. Any undetected changes in spine density, if existent, are therefore likely
smaller than this. Casual observation of inner molecular layer dendrites, however, revealed
numerous enlarged spines in TrkB−/− mice relative to littermate controls. To quantify this
effect, the profile area of every 10th spine was measured from the confocal images used for
spine counts, producing a sample of 25–30 spines per animal. This analysis revealed a
significant increase in mean spine profile area in TrkB−/− mice relative to controls (Fig. 7).
In controls, mean spine area was 0.27 ± 0.01 μm2, whereas in TrkB−/− mice area was
increased to 0.33 ± 0.02 μm2 (P < 0.01). These findings suggest altered postsynaptic
terminal function in TrkB−/− mice.

Finally, spine density and area were examined along the outer and middle thirds of the
granule cell dendritic tree; although in this case for technical reasons granule cells for
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analysis were selected from throughout the superior blade of the DG, rather than just those
cells with their somas located along the molecular layer border. For each animal, three
dendritic segments from three different neurons were examined (33 segments from 11
TrkB+/+ mice, 18 segments from 6 TrkB−/− mice). As in the inner molecular layer, spine
density was not altered in the middle or outer molecular layers (TrkB+/+: middle, 2.79 ± 0.18
spines/μm2; outer, 2.16 ± 0.14; TrkB−/−: middle, 2.44 ± 0.22; outer, 2.15 ± 0.20). Statistical
power in these analyses was 99% for detecting a 50% change. Spine profile area was
increased in the outer third; however, with a mean of 0.30 ± 0.02 μm2 in TrkB+/+ mice and
0.37 ± 0.02 μm2 in TrkB−/− mice (Fig. 7, t-test, P = 0.039). Mean spine area in the middle
molecular layer was not significantly altered in TrkB−/− mice relative to littermate controls
(TrkB+/+, 0.24 ± 0.01; TrkB−/−, 0.25 ± 0.02, t-test, P = 0.576).

DISCUSSION
Here we examined the role of TrkB in regulating the synaptic structures of hippocampal
dentate granule cells. Both post-synaptic and presynaptic structures were assessed to gain
insight into whether TrkB modifies the morphological substrates of granule cell
connectivity. Both were altered. Postsynaptically, granule cells exhibited fewer primary
dendrites whereas dendritic spines on these dendrites were larger in area in TrkB−/− mice
relative to wildtype littermates. Presynaptically, conditional deletion of TrkB increased the
number of filopodia per giant mossy fiber bouton. In contrast, the size and density of giant
mossy fiber boutons was unchanged. Together, these findings suggest altered cortical and
associational/commissural input to dentate granule cells and enhanced feedforward
inhibition of CA3 pyramidal cells.

The present study relies on anatomical methods to assess presynaptic and postsynaptic
terminals in TrkB−/− mice and littermate controls. Changes in the number and/or structure of
spines and boutons guide predictions as to the functional consequences of TrkB elimination.
Physiological studies, however, are ultimately required to test these predictions. Importantly,
it is unclear whether the changes identified in the TrkB−/− mice are triggered by the absence
of TrkB within granule cells themselves or from afferents or targets of the granule cells or
from synaptically remote locales. Likewise, it is unclear whether the changes found are an
immediate consequence of the absence of TrkB or due to some homeostatic response to the
absence of TrkB. With these caveats in mind, the present results do provide clear insights
into the impact of TrkB on granule cell connectivity.

TrkB does not appear to be required for granule cell survival or gross morphological
stability. Degeneration of cortical neurons has been reported following conditional deletion
of TrkB (Xu et al., 2000). Granule cells, on the other hand, appeared surprising normal after
the elimination of TrkB. Previous analyses of Nissl-stained sections likewise revealed no
overt abnormalities or obvious loss of granule cells (He et al., 2004). Similarly, in the
present study degenerating GFP-labeled granule cells were not observed, and no increase in
Fluoro-Jade B labeling of dying granule cells was apparent in two-month-old animals.
Importantly, in the Thy-GFP expressing mouse line studied here, dentate granule cells do
not begin to express GFP until they are about four-weeks-old (Walter et al., 2007), the
obvious implication being that the cells examined in the present study survived for at least
this long. We did not conduct stereological cell counts, so we cannot exclude the possibility
of more subtle differences in cell numbers (Lähteinen et al., 2003), nor can we rule out the
possibility that death increases in older animals (von Bohlen und Halbach et al., 2003;
Baquet et al., 2004). The majority of granule cells, however, appear to survive into
adulthood. Similarly, granule cell polarity was not disrupted in these animals. Dendrites
were found to project from the top of the soma into the molecular layer, and granule cell
mossy fiber axons projected into the hilus. The area, density, and spatial distribution of giant

Danzer et al. Page 9

Hippocampus. Author manuscript; available in PMC 2012 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mossy fiber boutons were also not altered in TrkB−/− mice. The present results contrast with
prior analyses of CNS histology and mossy fiber terminals in conventional TrkB knockout
mice. With conventional knockouts, TrkB is eliminated from every cell in the animal for the
entire lifespan. In contrast, the conditional strategy used here temporally and spatially
restricts the elimination of TrkB to CNS neurons following expression of synapsin I-driven
Cre recombinase. Conventional elimination of TrkB results in numerous nervous system
lesions and neonatal death within two to three weeks (Alcántara et al., 1997). Early death is
likely a consequence of myocardial pathology in these animals (Donovan et al., 2000). At a
subcellular level, 11 to 12-day-old conventional TrkB knockout mice exhibit reduced
numbers of mossy fiber boutons, with remaining boutons being smaller in size and
possessing fewer synaptic terminals (Otal et al., 2005). Whether the earlier elimination,
broader tissue distribution, broader cellular distribution, and/or the poor health of
conventional TrkB knockouts account for differences between the current and prior studies
is not clear. That said, our findings suggest that granule cell survival and the persistence of
gross structural characteristics does not require TrkB.

Although gross disruption of granule cell structure was not observed, granule cells from
TrkB−/− mice did exhibit fewer primary dendrites relative to cells from control mice. This
finding is consistent with previous studies in which BDNF overexpression, both in vivo
(Tolwani et al., 2002) and in vitro (Danzer et al., 2002), led to an increase in primary
dendrite number among granule cells. Together, these studies support the idea that TrkB
activation promotes primary dendrite formation of the granule cells. Interestingly, only
granule cells located along the molecular layer border exhibited decreases. Primary dendrite
number for granule cells located along the hilar border was equivalent between genotypes.
Granule cells located on the molecular border are in general older than cells on the hilar
border (Altman and Das, 1965; Altman and Bayer, 1990), and typically possess more
primary dendrites than their younger neighbors (which usually have only a single primary
dendrite). Together this suggests that activation of TrkB during the maturation of granule
cells contributes to formation of its dendritic arbor. Finally, the functional consequences of
increased or decreased numbers of primary dendrites are not clear. Changes in primary
dendrite number could reflect changes in total dendritic length or a redistribution of
dendritic structures. Either scenario might result in dramatic changes in the number and/or
type of synaptic inputs received by a cell. Similarly, changes in dendritic structure would
also alter passive electrotonic properties. Changes in EPSP summation or transmission to the
axon hillock would be likely consequences.

Further evidence for a role of TrkB in regulating granule cell synaptic inputs comes from
analysis of dendritic spines. Although spine density was unchanged in TrkB−/− mice, spine
area was significantly increased along dendritic segments in the inner and outer molecular
layers. These findings are consistent with recent studies examining TrkBflox/floxCaMKII-
CRE mice, in which granule cell spine density was not altered, but mean spine length was
significantly increased (von Bohlen und Halbach et al., 2006). Interestingly, changes in
granule cell spine structure may result from alterations in entorhinal and associational/
commissural inputs (Frotscher et al., 2000). These inputs exhibited reduced numbers of
collaterals and varicosities in conventional TrkB−/− mice (Martinez et al., 1998).
Alternatively, the absence of TrkB within the spine itself may result in reduced spine area,
perhaps via reduced calcium entry through the transient receptor potential channel (TRPC)
family of ion channels (Tyler and Pozzo-Miller, 2003; Pozzo-Miller, 2006; Amaral and
Pozzo-Miller, 2007). Finally, whether increased spine area reflects reduced synaptic
function, (Gonzalez et al., 1999; Kovalchuk et al., 2002; Elmariah et al., 2004) remains to be
determined.
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The present data suggest that elimination of TrkB altered the number of granule cell-
inhibitory interneuron synapses but not granule cell-CA3 pyramidal cell synapses. In
TrkB−/− mice, the number of filopodial extensions per mossy fiber bouton was significantly
increased. These filopodia make synaptic contact with inhibitory interneurons, which in turn
provide feedforward inhibition to CA3 pyramidal cells. Increased numbers of filopodia
suggest a strengthening of this inhibitory pathway. In contrast, neither the size nor density of
granule cell-CA3 pyramidal cell synapses were altered in TrkB−/− mice. Whether other
parameters of this synapse are modulated by TrkB deletion is not known. Our findings are
consistent; however, with recent physiological studies indicating normal basal synaptic
activation of CA3 pyramidal cells by mossy fibers in slices from TrkB−/− mice (Huang et
al., in press). These results are also consistent with work by De Paola et al. (2003), in which
they demonstrated in vitro that BDNF treatment led to rapid changes in filopodia dynamics,
while giant boutons were comparatively stable. Interestingly, a number of studies now
demonstrate a role for TrkB in regulating GABAergic synaptic transmission (Bolton et al.,
2000; Carmona et al., 2003; Carmona et al., 2006; Singh et al., 2006; Swanwick et al., 2006;
Kohara et al., 2007). The present study extends these findings by demonstrating that TrkB
can also act upstream of the GABAergic neuron, regulating excitatory input to these cells.
Conditional deletion of the TrkB gene leads to a striking impairment of epileptogenesis in
the kindling model of epilepsy (He at al., 2004). A disproportionate increase in the strength
of feedforward inhibition compared to excitation of CA3 pyramidal cells by mossy fiber
axons of TrkB−/− mice may contribute to this impairment.
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FIGURE 1.
Fluoro-Jade B labeling of TrkB+/+ and TrkB−/− mice. Note the absence of labeled cells in
both genotypes. Lower panel: Positive control section from an animal killed 48 h after
pilocarpine-status epilepticus (SE) showing extensive Fluoro-Jade B staining (demonstrating
neuronal loss) in the dentate hilus, CA1 and CA3. Scale bar = 375 μm.
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FIGURE 2.
Confocal image of the hippocampus of a GFP-expressing mouse showing the regions where
measurements were taken from. S, superior blade of the DG; I, inferior blade of the DG;
Box 1, example of an inner molecular layer granule cell dendrite; Box 2, example of a
middle molecular layer granule cell dendrite; Box 3, example of an outer molecular layer
granule cell dendrite; Box 4, sampling region used for examining mossy fiber boutons and
filopodia; Arrow, example of a dentate granule cell on the molecular layer border for
counting primary dendrite number, inner molecular layer spine area, and density.
Arrowhead, example of a granule cell on the hilar border used for counting primary dendrite
number; CA3, CA3 pyramidal cell layer; CA1, CA1 pyramidal cell layer. Scale bar = 150
μm.
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FIGURE 3.
GFP fills both the dendritic and axonal arbors of dentate granule cells in TrkB+/+ and
TrkB−/− mice crossed to Thy1 GFP-expressing mice. Images are confocal projections
showing GFP-expressing dentate granule cells. All three cells in each image are located
along the hilar border, and exhibit a single radially projecting dendrite as is typical for cells
located in this region. Some dendrites are truncated at the surface of the tissue section in
these images. Scale bar = 50 μm.
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FIGURE 4.
A: Composite of confocal images showing dentate granule cell giant mossy fiber boutons.
The number of filopodia arising from the giant boutons in TrkB−/− mice was significantly
increased relative to TrkB+/+ mice (t-test, P = 0.006). Scale bar = 3 μm. B: Frequency
distribution showing the percentage of all mossy fiber boutons binned by the number of
filopodia each possessed (minimum = 0; maximum = 7). Data from TrkB+/+ is shown in
black and data from TrkB−/− mice is shown in red. Note the prominent right shift in the
percentage of boutons from TrkB−/− mice with greater numbers of filopodia. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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FIGURE 5.
Composite of confocal images showing lengths of mossy fiber axons with giant boutons
denoted by arrows. The density of mossy fiber boutons along these axons did not differ
between TrkB−/− and TrkB+/+ mice. Images show mossy fiber axons in stratum lucidum of
CA3b. Scale bar = 60 μm.
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FIGURE 6.
Composite of confocal images showing dentate granule cell bodies and proximal dendrites.
Dentate granule cell primary dendrite number was decreased in TrkB−/− mice relative to
TrkB+/+ littermates. Scale bar = 10 μm.
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FIGURE 7.
Composite of confocal images showing dentate granule cell dendrites from the inner (top),
middle (middle), and outer (bottom) molecular layers of TrkB−/− and TrkB+/+ mice.
Enlarged dendritic spines (arrowheads) were found along granule cell dendrites in the inner
(IML) and outer molecular layers (OML). Spine profile area was not significantly increased
in the middle molecular layer (MML). Scale bar = 3 μm. *P < 0.05. **P < 0.01. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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