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Tropomyosin-related kinase B receptor (TrkB) is a neurotrophin receptor important for the synaptic plasticity underlying hippocampal-
dependent learning and memory. Because this receptor is widely expressed in hippocampal neurons, the precise location of TrkB
activation is likely important for its specific actions. The goal of this study was to identify the precise sites of TrkB activation in the mouse
hippocampal formation and to determine any changes in the distribution of activated TrkB under conditions of enhanced brain-derived
neurotrophic factor (BDNF) expression and hippocampal excitability. Using electron microscopy, we localized TrkB phosphorylated at
tyrosine 816 (pTrkB) in the hippocampal formation of male and female mice under conditions of naturally low circulating estradiol and
naturally high circulating estradiol, when BDNF expression, TrkB signaling, and synaptic plasticity are enhanced. To compare relative
amounts of pTrkB in each group, we counted profiles containing pTrkB-immunoreactivity (pTrkB-ir) in all hippocampal subregions.
pTrkB-ir was in axons, axon terminals, dendrites, and dendritic spines of neurons in the hippocampal formation, but the majority of
pTrkB-ir localized to presynaptic profiles. pTrkB-ir also was abundant in glial profiles, which were further identified as microglia using
immunofluorescence and confocal microscopy. Axonal and glial pTrkB-ir and pTrkB-ir in the CA1 stratum radiatum were more abun-
dant in high-estradiol states (proestrus females) than low-estradiol states (estrus and diestrus females and males). These findings suggest
that presynaptic TrkB is positioned to modulate estradiol-mediated and BDNF-dependent synaptic plasticity. Furthermore, they suggest
a novel role for TrkB in microglial function in the neuroimmune system.

Introduction
The tropomyosin-related kinase B receptor (TrkB), part of the
Trk family of neurotrophin receptors, plays a crucial role in the
maintenance of the adult nervous system. Upon binding to li-
gands NT-3, NT-4/5, and brain-derived neurotrophic factor
(BDNF), monomeric TrkB receptors dimerize, autophosphory-
late, and activate signaling pathways to trigger experience-
dependent plasticity (for review, see Chao, 2003). Specifically,
TrkB activation increases synaptic protein expression, induces
long-term potentiation (LTP), modulates dendritic arborization
and spine morphology, and increases synaptic strength (Kang
and Schuman, 1995; Levine et al., 1996; Scharfman, 1997; Mar-

tínez et al., 1998; Minichiello et al., 1999; Thakker-Varia et al.,
2001; Tyler and Pozzo-Miller, 2001; Horch and Katz, 2002; Mes-
saoudi et al., 2002; Miyamoto et al., 2006; Jia et al., 2008; Luikart
et al., 2008). These effects underlie the importance of TrkB sig-
naling in hippocampal-dependent learning, memory, and emo-
tional behavior (Minichiello et al., 1999; Mizuno et al., 2003a,b;
Monteggia et al., 2004; Chan et al., 2006; Gruart et al., 2007; Heldt
et al., 2007; Chen et al., 2010).

Despite the utility of neuronal cell culture, hippocampal slice
culture, and transgenic mouse models in studying the functions
of TrkB, the precise sites of TrkB activation in the intact organism
are still unknown. BDNF and TrkB are widely expressed in the
adult hippocampal formation (Conner et al., 1997; Yan et al.,
1997; Drake et al., 1999). Identification of the cell types and sub-
cellular locations of TrkB activation under different conditions
will provide crucial information about experience-dependent
plasticity in vivo.

Hippocampal synaptic plasticity is enhanced by factors that
increase BDNF expression, including the ovarian hormone estra-
diol. During the proestrus stage of the rodent estrous cycle, when
circulating estradiol increases, BDNF expression and TrkB acti-
vation in the hippocampus also increase (Scharfman et al., 2003,
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2007; Spencer et al., 2008a,b, 2010). Consistent with this phenome-
non, estradiol enhances LTP and hippocampal-dependent learning
and memory (Warren et al., 1995; Good et al., 1999; Korol et al.,
2004; Li et al., 2004; Sandstrom and Williams, 2004; Spencer et al.,
2008b). BDNF induction is necessary for estradiol to increase hip-
pocampal excitability and synaptic protein expression, and therefore
it may underlie estradiol’s ability to enhance hippocampal synaptic
plasticity (Scharfman et al., 2003; Scharfman and Maclusky, 2005,
2006; Sato et al., 2007; Spencer et al., 2008b).

To locate the sites of TrkB activation in vivo, we conducted
immunocytochemistry using an antibody raised against a
phospho-residue (tyrosine 816) in the active TrkB receptor
(pTrkB). We performed a quantitative analysis of the sites of
pTrkB-immunoreactivity (pTrkB-ir) in the mouse hippocampal
formation using electron microscopy. The use of fixed tissue sections
ensured identification of the natural sites of TrkB activation, and
electron microscopy enabled the most precise localization of pTrkB
labeling. To assess changes in the distribution of pTrkB under con-
ditions of enhanced BDNF-dependent plasticity, we considered hor-
monal status (estrous cycle stage) as a noninvasive manipulation that
influences BDNF expression and hippocampal synaptic plasticity.
The distribution of pTrkB-ir was compared between sexes and in
different phases of the estrous cycle.

Materials and Methods
Animals. All experiments were approved by the Weill Cornell Medical
College and Rockefeller University Institutional Animal Care and Use
Committees and conducted in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. Young adult female (N � 18) and
male (N � 6) C57BL/6 wild-type mice (Jackson Laboratory) and c-fms-
enhanced green fluorescence protein (EGFP) mice (Sierra et al., 2008)
were kept on a 12:12 light/dark cycle (lights on 6:00 A.M.). For the
females, estrous cycle stage was determined daily for 2 weeks using vag-
inal smear cytology (Turner and Bagnara, 1971). Females were perfused
in proestrus (N � 6), estrus (N � 6), or diestrus (N � 6) at 10 –12 weeks
of age between 9:00 and 11:00 A.M.

Mice were deeply anesthetized with sodium pentobarbital (150 mg/kg
intraperitoneal) and perfused through the ascending aorta with saline/hep-
arin followed by 40 ml of 3.75% acrolein, 2% paraformaldehyde in 0.1 M

phosphate buffer (PB), pH 7.4. Brains were removed from the skull and
postfixed for 30 min in 2% acrolein and 2% paraformaldehyde solution in
PB. Coronal sections (40 �m thick) through the dorsal hippocampal forma-
tion were cut on a vibrating microtome (Leica Microsystems) and stored in
30% ethylene glycol and 30% sucrose in PB at �20°C.

Female wild-type Sprague Dawley rats (Charles River) were perfused
with acrolein/paraformaldehyde solution and hippocampal tissue sec-
tions prepared as previously described (Milner et al., 2001).

Antibodies. pTrkB labeling was performed using a rabbit polyclonal
antibody that selectively recognizes the activated form of the TrkB recep-
tor (Bath et al., 2008). This antibody was generated using a synthetic
peptide (LQNLAKASPVpYLDIC) containing phosphorylated tyrosine
816 of rat TrkB, previously shown to be the site for phospholipase C-�
recruitment in response to BDNF (Minichiello, 2009). The generation
and characterization of this antibody has been previously described (Bath
et al., 2008). Western blot analysis of the affinity-purified antibody
showed that it specifically recognizes the activated full-length TrkB in 293
cells stably overexpressing TrkB receptors and in cultured hippocampal
neurons (Bath et al., 2008). The antibody does not recognize the trun-
cated TrkB isoform that may have distinct biological effects (Alderson et
al., 2000; Rose et al., 2003; Ohira et al., 2005, 2007; Carim-Todd et al.,
2009). The antibody also does not recognize activated TrkA receptors in
PC12 cells or other tyrosine phosphorylated proteins (Bath et al., 2008).
Specificity of this antibody has been verified in preadsorption controls
performed on fixed tissue sections from the olfactory bulb and Western
blot (Bath et al., 2008). Moreover, in aldehyde-fixed olfactory bulb tissue and
brains of TrkB receptor haploinsufficient (TrkB�/�) mice, pTrkB-
immunoreactivity is markedly decreased (Bath et al., 2008).

In the present study, specificity of the pTrkB antibody was determined
two additional ways. First, acrolein-fixed hippocampal sections were in-
cubated in pTrkB antibody that had been preadsorbed with the peptide
against which the antibody was raised and processed for light and elec-
tron microscopic immunocytochemistry as described above. Second,
paraformaldehyde-fixed coronal sections through the hippocampus
from 1-d-old TrkB �/� and TrkB �/� mice were processed for light mi-
croscopic peroxidase immunocytochemistry as described above. Al-
though all precautions were taken to ensure that the antibody specifically
recognized pTrkB, it is possible that it could recognize peptide sequences
contained in other proteins, such as TrkC receptors. Thus, the labeling de-
scribed in the present study should be interpreted as pTrkB-like
immunoreactivity.

Dynorphin labeling was performed using a guinea pig polyclonal anti-
dynorphin from Bachem. Specificity of this antibody has previously been
verified (Svingos et al., 1999). Glial fibrillary acidic protein (GFAP) la-
beling was performed using a mouse polyclonal anti-GFAP from Milli-
pore. EGFP labeling was performed using a chicken polyclonal anti-GFP
antibody (Aves Labs). OX-42 labeling was performed using a mouse
monoclonal anti-OX-42 antibody (Serotec).

Immunocytochemistry. To determine the distribution of pTrkB-ir in
the dorsal hippocampal formation, immunocytochemical localization
was performed on two sections per mouse using the avidin biotin com-
plex (ABC) protocol (Hsu and Raine, 1981). Briefly, sections were
washed in PB followed by 1% sodium borohydride in PB (30 min),
blocked in 0.5% bovine serum albumin (BSA) in 0.9% saline in 0.1 M

Tris, pH 7.6 (TS), and incubated in primary antiserum (pTrkB, 1:1000)
in 0.1% BSA in TS for 3 d at room temperature. Antiserum for control
sections was preabsorbed with excess pTrkB-blocking peptide. Sections
were incubated in secondary antiserum and biotylinated goat anti-rabbit
IgG in TS (1:400; Vector Laboratories) for 30 min. Sections then were
labeled with ABC using the Vectastain Elite kit (Vecor Laboratories).
Labeling was visualized with 3,3�-diaminobenzidine (Sigma-Aldrich)
and hydrogen peroxide in TS. Labeled sections were mounted on slides,
dehydrated in an alcohol series, and coverslipped.

To verify the localization and more discretely visualize the pTrkB im-
munoreactivity, a few sections were labeled using gold particles conju-
gated to secondary antibody (Chan et al., 1990). Instead of the secondary
antisera described above, these sections were incubated in colloidal gold-
labeled (1 nM) goat anti-rabbit IgG (1:50; Electron Microscopy Sciences)
in 0.08% BSA, 0.01% gelatin in PB with 0.9% saline (PBS) for 2 h at room
temperature. These sections were postfixed in 2% glutaraldehyde in PBS
for 10 min followed by 0.2 M sodium citrate buffer, pH 7.4. Gold labeling
was enhanced using a silver solution (IntenSE; GE Healthcare).

To determine whether pTrkB labeled mossy fiber axon bundles and
terminals in CA3, a few sections were double-labeled for pTrkB and
dynorphin, an opioid peptide contained exclusively in mossy fiber axons
and terminals in the CA3 (Drake et al., 2007). First, tissue was labeled
with pTrkB primary antiserum (1:2000) as described above. Tissue was
then incubated in dynorphin primary antiserum (1:2000) with 0.025%
Triton for 48 h at 4°C. pTrkB labeling was then completed using the ABC
protocol as described above. Dynorphin labeling was completed using
colloidal gold-labeled anti-guinea pig IgG (1:50) for the secondary anti-
serum as described above for pTrkB (Chan et al., 1990).

Sections for electron microscopy were incubated in 2% osmium te-
troxide (1 h) and dehydrated in an alcohol series and propylene oxide.
They then were embedded in EMBed 812 (Electron Microscopy Sci-
ences) between two sheets of plastic (Chan et al., 1990). One embedded
section from three animals in each group (proestrus, estrus, diestrus, and
male) was selected and mounted on Epon chucks (total N � 12). Ultra-
thin 70 nm sections within 1.5 mm of the tissue surface were cut on a
Leica UTC Ultratome (Leica Microsystems), collected on grids, and
counterstained with uranyl acetate and Reynold’s lead citrate. Sections
were examined on a Tecnai Biotwin transmission electron microscope
(FEI) and images acquired using Advanced Microscopy Techniques soft-
ware (v. 3.2). Digital images for figures were cropped and adjusted for
levels, brightness, contrast, and sharpness in Adobe Photoshop 7.0, and
final figures were assembled in Adobe Photoshop (v 9.0.2) and Microsoft
Powerpoint X for Mac.
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To further investigate the pTrkB labeling in
glia, double-label immunofluorescence was
performed on sections from female wild-type
mice or c-fms-EGFP mice [in which the brain
microglia express the EGFP protein under con-
trol of the macrophage colony-stimulating fac-
tor promoter (Sierra et al., 2008)] and wild-
type rats. Sections were prepared as above
through the blocking step. They were incu-
bated in pTrkB primary antiserum (1:100) for
48 h at room temperature. GFAP (1:5000),
OX-42 (1:1000), or GFP (1:5000) antiserum
was then added for an additional 48 h at 4°C.
On the final day, tissue was washed with TS and
incubated sequentially in the appropriate
fluorophore-conjugated secondary antibodies
(1:400), each for 1 h at room temperature. Sec-
ondary antibodies included Cy2-conjugated
anti-rabbit, Cy2-conjugated anti-chicken,
Cy5-conjugated anti-mouse, and Cy5-
conjugated anti-rabbit (Jackson Immunore-
search Laboratories). After final washes in
TS, the tissue was mounted, dried, dehydrated in an alcohol series,
and coverslipped using Krystalon mounting medium (Harleco; EM
Diagnostics).

Quantitative analysis. Three animals from each group (males and
proestrus, diestrus, and estrus females) were used for the quantitative
analysis. One block from each hippocampal region (CA1, CA3, and den-
tate gyrus) was analyzed per animal. From each of the following hip-
pocampal laminae, 220.5 �m 2 of neuropil were examined: stratum
oriens, stratum radiatum (proximal to the pyramidal cell layer), stratum
radiatum (distal to the pyramidal cell layer), and lacunosum moleculare
of CA1; stratum oriens, stratum lucidum, and stratum radiatum of CA3;
and outer, middle, and inner thirds of the molecular layer, subgranular
zone, and central hilus of the dentate gyrus. Laminae containing princi-
pal cell perikarya were excluded from this analysis because the large size
of the cell bodies and nuclei makes it difficult to accurately quantify this
labeling using random field sampling. The distribution of pTrkB labeling
was determined by counting immunolabeled profiles, which were classi-
fied using accepted nomenclature (Peters et al., 1991). Dendrites con-
tained microtubular arrays and synaptic contacts with adjacent axon
terminals. Spines had a smaller diameter than dendrites (usually �0.2
�m) and contacted neighboring axon terminals. Unmyelinated axons
had a small diameter (�0.2 �m), few vesicles, and no synaptic contacts in
the plane of section. Axon terminals had a larger diameter than axons,
contained numerous vesicles, and made synaptic contacts with neighbor-
ing dendritic spines or shafts. Glial profiles contained no microtubules
and conformed to the shape of surrounding structures. In addition to this
identification of labeled profiles, all unlabeled axon terminals and dendritic
spines were counted in the distal CA1 stratum radiatum to determine the
percentage of axon terminals and dendritic spines containing pTrkB-ir.

Fluorescence microscopy. Immunofluorescence images were acquired
sequentially using a confocal laser-scanning microscope (Leica). Z-stack
analysis was used to verify whether neurons were dually labeled for
pTrkB and GFAP, TrkB, c-fms, or OX-42.

Statistical analysis. For each animal, the number of labeled profiles in
each cell compartment within one lamina was expressed as a percentage of
the total counted profiles in the whole hippocampal formation. Means for
each estrous cycle group and males were compared using two-way ANOVA
and Bonferroni post hoc tests in Prism 5.0 software. The number of labeled
axon terminals and dendritic spines in distal CA1 stratum radiatum was
expressed as a percentage of the total terminals or spines in this lamina.

Results
Light microscopic immunolocalization of pTrkB in the
hippocampal formation
We previously described the light microscopic immunolocal-
ization of TrkB phosphorylated at tyrosine 816 (pTrkB) in the

hippocampal formation of female mice perfused with 4% para-
formaldehyde (Spencer et al., 2008a). In that study, we used a well
characterized antibody raised against a C-terminal phospholipase-
C-gamma phosphorylation site on the full-length TrkB (Bath et al.,
2008). To determine whether this antibody elicits a similar labeling
pattern in mice prepared for electron microscopy, we localized
pTrkB-ir using light microscopy in female mice perfused with acro-
lein and paraformaldehyde. pTrkB-ir localized to CA1, CA3, and the
dentate gyrus of the dorsal hippocampal formation (Fig. 1A,C). The
labeling pattern was consistent with the previously described pat-
tern, showing pTrkB labeling in both cell bodies and neuropil, rep-
resenting neuronal and/or glial processes. Preadsorption of the
primary antisera with pTrkB blocking peptide eliminated all labeling
(Fig. 1B).

To further demonstrate the specificity of the pTrkB antibody
in mouse hippocampus, paraformaldehyde-fixed hippocampal
sections from postnatal 1-d-old TrkB haploinsufficient
(TrkB�/�) mice (Fig. 1D) and TrkB deficient (TrkB�/�) mice
were incubated in the antibody and processed for immunoper-
oxidase labeling. Immunoreactivity in all regions of the hip-
pocampus was visible in TrkB�/� mice (Fig. 1D) and virtually
undetectable in TrkB�/� mice (Fig. 1E).

Electron microscopic immunolocalization of pTrkB in the
hippocampal formation
To determine the distribution of pTrkB in neurons and glia,
pTrkB-ir was identified using electron microscopy in the dor-

Figure 1. pTrkB immunoreactivity is found throughout the dorsal hippocampal formation of the mouse. A, By light microscopy,
the pTrkB antiserum labels neuronal cell bodies and neuropil in the CA1, CA3, and dentate gyrus (DG). B, Preadsorption with pTrkB
blocking peptide completely eliminates all labeling. C, pTrkB labeling in CA1 lamina including stratum oriens (SO), pyramidal cell
layer (PCL), stratum radiatum proximal (SRn) and distal (SRd), and stratum lacumole moleculare (SLM). D, E, pTrkB labeling is
markedly diminished in homozygous TrkB knock-out (E) compared with heterozygous knock-out (D) mice. Scale bars, 20 �m.

Table 1. pTrkB-labeled profiles in individual hippocampal laminae

Subregion Lamina Dendrites Spines Terminals Axons Glia

CA1 SO 6 4 6 20 8
SR proximal 6 1 5 15 11
SR distal 10 4 8 6 10
SLM 5 1 0 10 12

CA3 SO 3 1 3 17 5
SR 5 1 10 5 1
SL 2 2 6 8 5

DG OML 7 1 4 7 6
MML 7 1 4 3 5
IML 4 1 3 6 5
SGZ 1 2 1 11 12
HIL 6 5 6 8 12

Number of profiles counted from one representative female mouse in diestrus. SO, Stratum oriens; SR, stratum
radiatum; SLM, stratum lacunosum moleculare; SL, stratum lucidum; DG, dentate gyrus; OML, outer molecular layer;
MML, middle molecular layer; IML, inner molecular layer; SGZ, subgranular zone; HIL, hilus.
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sal hippocampal formation of nine female (three per estrous
cycle stage) and three male mice. Consistent with the light
microscopic labeling pattern, pTrkB labeling was seen
throughout the hippocampal formation in laminae containing
principal cell perikarya and neuropil. The light microscopic
immunolocalization (Fig. 1 A, C) suggested a greater density of
pTrkB labeling in principal cell perikarya relative to the neu-
ropil. It was not possible to quantify the principal cell pTrkB
labeling in the electron micrographs by the random sampling
method used in this study. Based on our observations, the
relative darkness of the principal cell perikarya on the light
micrographs does not translate to a relative abundance of
pTrkB labeling in the soma by electron microscopy. This dis-
crepancy between pTrkB labeling patterns on light and elec-
tron microscopy likely reflects the greater depth of focus and
limited resolution of light microscopy, as previously described
(Milner et al., 1998).

Presynaptic profiles contain the most pTrkB-ir
Profiles were counted from 12 different hippocampal laminae
lacking principal cell perikarya in CA1, CA3, and dentate, for a
total area of 2646 �m 2 per mouse. An average of 388.3 � 19.03
labeled profiles were counted for each animal, with no difference
between estrous cycle stages or sexes. Table 1 shows the number
of pTrkB-labeled profiles of each type in each of the 12 hip-
pocampal laminae from one representative diestrus female. La-
beled profiles were identified as dendrites, dendritic spines,
axons, axon terminals, glia, or perikarya. Less than 1% of labeled
profiles were unidentifiable or perikarya, and these were ex-
cluded from the analyses.

Table 2 shows the distribution of pTrkB-ir in the entire hip-
pocampal formation as a percentage of the total number of
counted labeled profiles, averaged for all 12 animals and broken
down by estrous cycle stage and sex. The majority of pTrkB-ir was
found in presynaptic profiles regardless of sex or estrous cycle stage,
with 36.0 � 1.3% in axons and 17.3 � 0.6% in axon terminals.
Postsynaptic profiles contained one-quarter of the pTrkB-ir, with
16.7 � 0.9% in dendrites and 10.7 � 0.7% in dendritic spines. Glial
profiles accounted for one-fifth of the total pTrkB-ir, 19.3 � 0.9%.

Axons and axon terminals, including mossy fibers, contain
pTrkB-ir
Throughout the hippocampal formation, pTrkb-ir was affiliated
with the plasma membrane of small unmyelinated axons (Fig. 2).
Occasionally, larger myelinated axons contained pTrkB-ir, usu-

ally affiliated with endomembranes or mitochondria (Fig. 2A).
Diffuse pTrkB-ir filled the cytoplasm of some small-caliber axons
(Fig. 2A). pTrkB-ir also was localized using silver-intensified
gold particles (SIG), allowing more discrete localization of label-
ing. In axons, pTrkB SIG-immunoreactivity was seen both in the
cytoplasm and on or near the plasma membrane (Fig. 2B).

In terminals, the pTrkB-ir was in clusters most often affiliated
with small synaptic vesicles opposite the synaptic contact (Fig.
3A). SIG labeling confirmed the localization of pTrkB-ir in axon
terminals and further revealed pTrkB-ir adjacent to the presyn-
aptic contact, or on mitochondria inside the axon terminal (Fig.
3B). pTrkB-ir was rarely found in axon terminals making sym-
metric synapses; as a result, axon terminals forming both types of
synapses were pooled for quantitative analyses.

Discrete patches of pTrkB-ir localized to small synaptic vesicles of
large terminals with morphological characteristics of mossy fibers in
the CA3 stratum lucidum (Fig. 3C). These terminals often contained

Table 2. Distribution of pTrkB-IR in the hippocampal formation of female cycling and male mice

Subregion Cycle/sex % Dendrites Spines Terminals Axons Glia Total

CA1 Proestrus 6.1 � 1.0 3.6 � 0.8 9.2 � 0.5 16.1* � 0.7 9.9 � 0.3 44.9 � 2.1
Estrus 8.0 � 1.2 5.2 � 0.8 7.9 � 2.4 11.8 � 1.9 5.7 � 0.3 38.7 � 2.4
Diestrus 6.5 � 0.6 3.4 � 1.2 6.0 � 1.7 13.8 � 2.3 8.6 � 1.6 38.3 � 3.4
Male 7.3 � 0.01 3.4 � 0.8 6.0 � 0.6 10.9 � 0.8 6.0 � 0.6 33.5 � 1.3

CA3 Proestrus 2.5 � 0.6 2.6 � 0.8 3.6 � 0.08 8.9 � 0.9 3.1 � 0.3 20.7 � 2.0
Estrus 3.0 � 0.7 4.3 � 0.5 5.4 � 0.3 7.5 � 0.9 4.2 � 0.04 24.3 � 2.5
Diestrus 2.6 � 0.1 3.7 � 1.5 5.0 � 1.0 9.4 � 1.1 3.3 � 0.9 24.1 � 1.7
Male 4.3 � 0.3 3.1 � 0.1 6.4 � 1.0 6.7 � 0.7 3.3 � 0.4 23.8 � 0.4

DG Proestrus 5.2 � 0.5 2.4 � 0.7 5.2 � 0.6 14.0 � 3.0 7.6 � 0.72 34.4 � 1.5
Estrus 6.6 � 0.8 4.4 � 0.5 4.5 � 0.8 13.8 � 1.6 7.6 � 1.5 37.0 � 2.2
Diestrus 6.8 � 0.4 3.1 � 0.5 5.0 � 1.0 14.1 � 2.2 8.6 � 1.8 37.6 � 3.7
Male 7.9 � 0.6 3.6 � 0.7 5.0 � 1.0 16.8 � 0.7 9.2 � 1.7 42.6 � 1.0

Total 16.7 � 0.9 10.7 � 0.7 17.3 � 0.6 36.0 � 1.3 19.3 � 0.9

A total area of 2646 �m 2 was analyzed per animal (N � 3). Numbers represent the percentage of all counted profiles in the hippocampal formation, �SEM. Boldface indicates a significant effect of cycle/sex, p � 0.05. *p � 0.05 relative
to male mice by post hoc test. DG, Dentate gyrus.

Figure 2. By electron microscopy, pTrkB-ir is most prominent in axons throughout the hip-
pocampal formation. A, In the stratum lucidum, pTrkB-ir (arrowheads) is found in axon bundles
(a) most likely belonging to the mossy fiber pathway, and in myelinated axons (ma). B, In CA1
stratum radiatum, SIG pTrkB-ir (arrowhead) is found in axons near the plasma membrane. Scale
bars, 0.5 �m.
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several patches of immunolabeling. Occa-
sionally, labeled terminals contacted
pTrkB-labeled spines (Fig. 3C). To confirm
the localization of pTrkB-ir to mossy fibers
and terminals, we dually labeled a few sec-
tions for pTrkB and the opioid peptide
dynorphin, which is exclusively found in
mossy fibers in the stratum lucidum
(Drake et al., 2007). Indeed, dynorphin-
immunoreactive axon bundles and mossy
fiber terminals contained pTrkB-ir (Fig.
3D), confirming that pTrkB-ir localizes to
the mossy fiber pathway in the mouse.

Dendrites and dendritic spines
contain pTrkB-ir
In dendrites, both ABC-peroxidase and
SIG labeling showed pTrkB-ir affiliated
with the plasma membrane and endo-
membranes (Fig. 4). A single dendrite of-
ten contained several patches of pTrkB-ir.
In contrast to the pTrkB-ir contained in
axon terminals, which was usually affili-
ated with vesicles opposite the synaptic
contact, pTrkB-ir in dendritic spines was
often adjacent to the synaptic contact
(Fig. 5A,B). Occasionally, a labeled den-
dritic spine was contacted by a labeled
axon terminal (Fig. 5A). In stratum luci-
dum of CA3, pTrkB-ir was found in den-
dritic spines contacted by mossy fiber
terminals (Fig. 5C).

Few synaptic contacts contain pTrkB-ir
To determine the proportion of synaptic
contacts containing pTrkB labeling, la-
beled and unlabeled axon terminals and
dendritic spines in the distal CA1 stratum
radiatum were counted. In this lamina,
axon terminals were present at a density of
0.59 per �m 2, and dendritic spines at 0.47
per �m 2. The greater density of terminals
reflects the presence of some axon termi-
nals making asymmetric contacts with
dendritic shafts, and the relative ease of
identifying terminals outside the plane of
the synaptic contact. pTrkB immunoreac-
tivity was discerned in only 6.1 � 0.7% of
axon terminals and 4.7 � 0.8% of den-
dritic spines. Student’s t test showed no
significant difference between the per-
centage of labeled spines and terminals
[(t, df) � 1.364, 22, p � 0.1864; N � 12].
This suggests that at a given time, TrkB is
activated in a similar and very small pro-
portion of the total axon terminals and
dendritic spines in the distal CA1 stratum
radiatum of the mouse.

Glial profiles contain pTrkB-ir
The role of TrkB in glial cell function in the adult has received
very little attention. It is widely believed that glia express only the
truncated TrkB isoform lacking the intracellular catalytic domain

(Alderson et al., 2000; Rose et al., 2003; Ohira et al., 2005, 2007),
though cortical glia in culture were found to express a small
amount of functional full-length TrkB (Roback et al., 1995).
Therefore, it was surprising that approximately one-fifth of the

Figure 3. pTrkB-ir is found in axon terminals throughout the hippocampal formation. A, In the CA1 stratum radiatum, pTrkB-ir (arrow-
heads) clusters among small synaptic vesicles in axon terminals (t). One of the pTrkB-labeled terminals forms an asymmetric synapse
(arrow) with the shaft of an unlabeled dendrite (d). B, In the CA1 stratum radiatum, SIG pTrkB-ir (arrowheads) is in axon terminals, on the
membrane of a mitochondrion, and affiliated with small synaptic vesicles adjacent to the synaptic contact. C, A mossy fiber terminal (mt) in
the CA3 stratum lucidum contains pTrkB-ir (arrowheads) associated with small synaptic vesicles and mitochondria. The pTrkB-labeled
mossy fiber terminal contacts a dendritic spine (sp) also containing pTrkB-ir (arrowhead). D, A large mossy fiber terminal with dynorphin-ir
(SIG, arrows) shows clusters of pTrkB-ir (arrowheads) associated with vesicles near the plasma membrane. Scale bars, 0.5 �m.

Figure 4. pTrkB-ir is found in dendritic shafts throughout the hippocampal formation. A, In the CA1 stratum radiatum, clusters
of pTrkB-ir (arrowheads) are found near the plasma membrane in dendritic shafts (d). B, Immunogold labeling for pTrkB (arrow-
heads) is on the plasma membrane within the dendrite. Scale bars, 0.5 �m.
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pTrkB labeling was found in glial profiles. Diffuse pTrkB-ir was
seen in glial profiles from sections labeled using the ABC-
peroxidase method (Fig. 6A), and SIG pTrkB-ir was primarily on
the plasma membrane of glia (Fig. 6B).

Because the electron microscopy did not allow us to distinguish
among different types of glial profiles containing pTrkB, we used
immunofluorescence and confocal microscopy to further inves-
tigate the glial labeling. To determine whether the pTrkB anti-
body labels astrocytes, we double-labeled hippocampal

sections from female mice with the pTrkB
antibody and an antibody against GFAP,
which specifically labels fibrous astrocytes
(Fig. 7A–C). We found no colocalization
between the pTrkB and GFAP labeling, sug-
gesting that the pTrkB immunoreactivity is
not found in fibrous astrocytes.

Instead of astrocytes, the glial pTrkB-ir
may represent pTrkB labeling in other
types of glial cells, such as microglia. Al-
though TrkB expression in microglia in
vivo has not previously been reported,
several microglial cell lines in vitro express
Trk receptors and proliferate in response
to their stimulation (Zhang et al., 2003).
To determine whether the pTrkB anti-
body labels microglia, we first used sec-
tions through the dorsal hippocampus of
c-fms-EGFP mice, in which brain micro-
glia express the EGFP protein under con-
trol of the macrophage colony-
stimulating factor promoter (Sierra et al.,
2008). Sections through the dorsal hip-

pocampus of these mice were labeled with anti-pTrkB and anti-
GFP antibodies (Fig. 7D–F). There was extensive colocalization
of pTrkB and c-fms in the hippocampal formation of these mice,
suggesting that pTrkB is in microglia. We also labeled sections
through the dorsal hippocampus of female rats with the anti-
pTrkB antibody and an antibody against the microglial marker,
OX-42, which works well in rat but not mouse tissue (Fig. 7G–I).
The labeling for these two proteins also colocalized, demonstrat-
ing the presence of pTrkB in microglia in the rat hippocampus.
Thus, the pTrkB labeling in glial profiles likely reflects the pres-
ence of pTrkB in microglia; this finding is conserved between
mice and rats.

Sex and estrous cycle affect the distribution of pTrkB
immunoreactivity
By light microscopy, pTrkB-ir increases in the mouse hippocam-
pal formation during proestrus, suggesting that increased TrkB
phosphorylation and activity may be responsible for the increase
in hippocampal excitability seen during this cycle phase (Scharf-
man et al., 2003; Spencer et al., 2008a,b, 2010). Whether this
increase in pTrkB-ir involves a global increase in pTrkB or a more
selective increase in specific lamina and cell types is unknown.
We investigated whether a shift in the distribution of pTrkB-ir
accompanies the rise in estradiol during proestrus by comparing
the distribution of pTrkB-ir by electron microscopy in proestrus
females with its distribution in estrus and diestrus females and in
males (Table 2).

During proestrus, there was an increase in the proportion of
pTrkB-labeled profiles contained in the CA1 subregion. In proes-
trus females, 44.9% of the total pTrkB-labeled profiles were
found in the CA1, a higher proportion than in other groups of
females or males (Table 2). When analyzed by two-way ANOVA,
this was evident statistically as an overall effect of cycle phase on
profile percentage in the CA1 region (F(3,40) � 3.047, p � 0.0396).
The most striking difference was between sexes: proestrus fe-
males had 34% more pTrkB-ir in the CA1 than males. Post hoc
tests revealed that proestrus females had significantly more
pTrkB-labeled axons in CA1 than males ( p � 0.05). In contrast,
there were no significant changes in the distribution of pTrkB-ir in
the CA3 or dentate gyrus across the estrous cycle or between sexes.

Figure 5. pTrkB-ir is found in dendritic spines throughout the hippocampal formation. A, In the CA1 stratum radiatum, a
dendritic spine (sp) containing pTrkB-ir (arrowheads) is contacted by a labeled axon terminal (t). B, SIG labeling shows pTrkB-ir
(arrowhead) clustered next to the postsynaptic density in a dendritic spine. C, In the CA3 stratum lucidum, an unlabeled mossy fiber
terminal (mt) contacts two separate spines containing pTrkB-ir (arrowheads). Scale bars, 0.5 �m.

Figure 6. pTrkB-ir is found in glial profiles throughout the hippocampal formation. A, In the
CA1 stratum radiatum, diffuse peroxidase pTrkB-ir (arrowhead) is found in a glial profiles (g). B,
SIG pTrkB-ir (arrowheads) is affiliated with the plasma membrane of a glial profile. sp, Dendritic
spine; uT, unlabeled terminal. Scale bars, 0.5 �m.
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To determine which laminae and cell
types might account for the increase in
pTrkB-ir in the CA1 during proestrus, we
compared the distribution of pTrkB-ir in
each of the four CA1 laminae (Fig. 8). We
found that significant shifts in the distri-
bution of pTrkB-ir occurred in CA1 stra-
tum radiatum (Fig. 8B,C). Two-way
ANOVA showed a significant effect of es-
trous cycle phase/sex in both proximal
stratum radiatum (F(3,40) � 3.243, p �
0.0319) and distal stratum radiatum
(F(3,40) � 3.606, p � 0.0214). Post hoc tests
showed that proestrus mice had more
pTrkB-labeled glia in the proximal stra-
tum radiatum than estrus ( p � 0.05) and
male ( p � 0.01) mice, whereas proestrus
mice had more pTrkB-labeled axons in
the distal stratum radiatum than estrus,
diestrus, or male mice ( p � 0.01 for all).
Thus, the overall increase in pTrkB-ir in
the CA1 during proestrus occurred pri-
marily via an increase in pTrkB-labeled
glia and axons in the CA1 stratum radia-
tum, with the distribution of pTrkB-ir in
male mice resembling that of low-
estradiol (estrus or diestrus) females.

Discussion
This study is the first to precisely local-
ize activated TrkB in the mouse hip-
pocampal formation. Our previous
immunocytochemical localization of
total TrkB in the rat hippocampal for-
mation using electron microscopy showed abundant labeling
of axon initial segments (Drake et al., 1999), suggesting exten-
sive trafficking of TrkB to axons. We also showed previously
that increases in hippocampal pTrkB-ir were found during
periods of high estrogen levels using light microscopy (Spen-
cer et al., 2008a).

The current study extends these findings, showing that the
majority of activated TrkB, measured as pTrkB-ir, is in axons and
axon terminals in the mouse hippocampal formation, and that
the amount of presynaptic pTrkB fluctuates across the estrous
cycle.

pTrkB is positioned to locally regulate synaptic transmission
and neurite growth
In axons, the largely intracellular localization of pTrkB-ir sug-
gests that the rapid endocytosis of activated TrkB described in
cultured neurons may also occur in vivo (Du et al., 2003). This
internalized pTrkB would be well positioned for local degrada-
tion or recycling back to the plasma membrane (Chen et al., 2005;
Zheng et al., 2008). Alternatively, the pTrkB-ir affiliated with
small synaptic vesicles distal to the synaptic contact in axon ter-
minals may in fact be in transit down the axon. Such retrograde
transport of pTrkB-ligand complexes has been previously described
and may function to communicate TrkB signaling from the synapse
to the cell body (Bhattacharyya et al., 1997; Watson et al., 1999) in a
manner similar to NGF-TrkA signaling (Niewiadomska et al., 2010).
The axonal pTrkB-ir seen in affiliation with small membranous
structures, termed endomembranes, may represent the signaling

endosomes proposed to maintain receptor signaling during ret-
rograde transport (Cosker et al., 2008).

pTrkB-ir was occasionally affiliated with the mitochondrial
membrane in axons and axon terminals. Activation of
mitochondrial TrkB by G-protein couple receptor (GPCR) sig-
naling increases the number of extracellular stimuli that may
generate a cell response (Rajagopal and Chao, 2006). TrkB has
previously been localized to the mitochondrial membrane only in
skeletal muscle (Wiedemann et al., 2006), and so the presence of
pTrkB-ir in hippocampal mitochondria implies a novel role for
TrkB signaling in oxidative metabolism in the brain.

In all compartments, pTrkB-ir was found affiliated with the
plasma membrane. But in contrast to axons and axon terminals,
where pTrkB-ir was largely intracellular, in dendritic spines the
majority of pTrkB-ir was affiliated with the plasma membrane.
Interestingly, this localization did not fluctuate over the estrous
cycle. This suggests that in the dendritic spine, TrkB stays exposed
and responsive to released BDNF rather than being internalized
and trafficked as found in the axon. Thus, TrkB activity may be
managed differently in the presynaptic versus the postsynaptic
compartment. The localization of pTrkB-ir to the plasma mem-
brane at asymmetric synapses and neuronal processes in the cur-
rent study implies that TrkB locally modulates excitatory
synaptic function and neurite growth in the intact mouse. This
supports the findings of numerous in vitro studies showing that
TrkB modulates presynaptic and postsynaptic function at excit-
atory synapses (Alsina et al., 2001; Horch and Katz, 2002; Horch,
2004; Ji et al., 2005; Gomes et al., 2006; Magby et al., 2006; Rex et
al., 2007). In contrast, the relative absence of pTrkB at inhibitory
synapses, identified based on their symmetric morphology, sug-

Figure 7. pTrkB is found in microglia but not astrocytes in the hippocampal formation. A–C, pTrkB (A, green) and the astrocytic
marker GFAP (B, red) show no colocalization (C, overlay) in the hilus of the dentate gyrus of the mouse hippocampal formation.
D–F, pTrkB (D, red) and the microglial marker c-fms (E, green) show extensive colocalization (F, overlay) in the dentate gyrus of the
mouse hippocampal formation. G–I, pTrkB (G, green) and the microglial marker OX-42 (H, red) show extensive colocalization (I,
overlay), in the CA1 region of the rat hippocampus. Scale bar, 20 �m.
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gests that TrkB does not modulate inhibitory connections in the
hippocampus.

pTrkB is positioned to regulate glial function
The abundance of pTrkB labeling in glial profiles was surprising,
given that expression of the full-length TrkB receptor has not
previously been described in these cells in vivo. In follow-up ex-
periments, pTrkB colocalized with hippocampal microglia, but
not astrocytes. TrkB ligands such as BDNF may therefore partic-
ipate in immune functions in the brain, such as brain inflamma-
tion, through direct action on microglial TrkB receptors. An
upregulation of BDNF has been identified in cases of central and
peripheral inflammation or autoimmunity, but its role in these
immune processes is unclear (Groth and Aanonsen, 2002; Linker
et al., 2009). Further investigation of the function of microglial
TrkB receptors will likely uncover novel mechanisms for neu-
rotrophin regulation of the neuroimmune response.

Interaction between estradiol and TrkB:
functional considerations
In the current study, the proportion of pTrkB-ir in glia and axons
in the CA1 stratum radiatum increased during proestrus. These
changes likely contributed to the increase in pTrkB found in this
hippocampal lamina during proestrus seen in our previous light
microscope study (Spencer et al., 2008b).

Estradiol may increase TrkB phosphory-
lation by several different mechanisms. Es-
tradiol enhances BDNF expression and
release, which could increase TrkB activa-
tion in proportion to BDNF availability
(Scharfman et al., 2003, 2007; Sato et al.,
2007; Spencer et al., 2010). Estradiol also en-
hances retrograde transport of BDNF,
which could directly increase TrkB activa-
tion in axons (Jezierski and Sohrabji, 2003).
Additionally, estradiol may affect TrkB sig-
naling indirectly by augmenting calcium in-
flux (Wu et al., 2005; Zhao et al., 2005). Such
increases in neuronal activity rapidly en-
hance TrkB insertion into the membrane,
kinase activity, and pTrkB endocytosis
(Du et al., 2000, 2003). Finally, estradiol
could transactivate TrkB via a GPCR
such as the novel estrogen receptor
GPR30 (Rajagopal and Chao, 2006;
Hammond and Gibbs, 2011).

The CA1 stratum radiatum contains
Schaffer collateral axons of CA3 pyrami-
dal cells, which synapse on CA1 pyrami-
dal cell dendrites in the stratum radiatum.
These synapses are the most well character-
ized site of hippocampal LTP (Kerchner
and Nicoll, 2008), and TrkB activation
at these synapses is crucial for LTP and
hippocampal-dependent associative learn-
ing (Gruart et al., 2007). These synapses
are also particularly sensitive to estradiol,
which increases dendritic spine density
and synaptic potentiation in CA1 stratum
radiatum (Woolley et al., 1990; Warren et
al., 1995; Li et al., 2004). The increase in
pTrkB-ir in axons of the CA1 stratum ra-
diatum during proestrus suggests a novel

role for axonal TrkB in these effects of estradiol. Axonal TrkB
activation could increase the availability of synaptic contacts, facil-
itating an estradiol-dependent increase in postsynaptic dendritic
spine density or size. Estradiol may have additional effects on
axonal growth that so far have not been described in the hip-
pocampal formation. Indeed, in the hypothalamus, estradiol
increases axonal growth through a TrkB-dependent mecha-
nism (Carrer et al., 2003; Brito et al., 2004).

Glia have received little attention as possible players in estra-
diol effects on the hippocampal formation. TrkB signaling in glia
in CA1 stratum radiatum theoretically may be important for es-
tradiol to increase dendritic spine density, as astrocytes have been
shown to regulate spine maturation (Nishida and Okabe, 2007).
Indeed, estrogen receptors � and � are expressed in glia in the
mouse hippocampus (Mitterling et al., 2010), implying that these
cells can respond directly to estradiol. Evidence for this was pre-
sented in an in vitro study, where conditioned media from astrocytes
exposed to estradiol protected neurons against �-amyloid-induced
death (Sortino et al., 2004). The current study presents the first evi-
dence of a link between estradiol and TrkB in glia, showing an in-
crease in pTrkB-ir in glial profiles in CA1 stratum radiatum during
proestrus. The glia containing pTrkB-ir in this study colocalized with
microglial, but not astrocytic, markers. This suggests a novel role for
microglia in estradiol effects in hippocampus that will be an inter-
esting area for future study.

Figure 8. pTrkB-ir in the CA1 stratum radiatum is affected by estrous cycle stage. A–D, The number of profiles in each cellular
compartment was expressed as a percentage of the labeled profiles counted in all sampled hippocampal areas and all cellular
compartments. In CA1 stratum oriens (A) and CA1 stratum lacunosum-moleculare (D), there is no change in the distribution of
pTrkB-ir across the estrous cycle or between sexes. In proximal CA1 stratum radiatum (B), proestrus females have significantly
more pTrkB-labeled glia than estrus females and diestrus males. *p � 0.05 relative to estrus females and diestrus males. In distal
CA1 stratum radiaum (C), proestrus females have significantly more pTrkB-labeled axons than estrus and diestrus females and
males. *p � 0.05 relative to all other groups. N � 3.
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Sex differences in the distribution of pTrkB may reflect the
influence of estradiol
The behavioral effects of BDNF reduction in mice differ significantly
in males and females; some of these differences can be explained by
the presence or absence of estradiol (Monteggia et al., 2006; Ren-
Patterson et al., 2006). In keeping with this idea, hippocampal BDNF
expression is low in males and low-estradiol females compared
with proestrus females (Scharfman et al., 2003). In the current
study, the distribution of pTrkB-ir in male mice resembled that of
low-estradiol (estrus or diestrus) females. Thus, estradiol likely
mediates sex differences in BDNF/TrkB signaling by increasing
BDNF expression and TrkB activation. This idea is potentially
clinically important, as several common psychiatric disorders are
associated with reductions in BDNF signaling (Buckley et al.,
2007; Schmidt and Duman, 2007; Kapczinski et al., 2008).

Conclusions
This localization of pTrkB in the mouse hippocampal formation
shows TrkB positioned to carry out local effects of BDNF in syn-
apses and neurites, and more sustained effects via retrograde
transport and activation of gene transcription. Extensive TrkB
phosphorylation in microglia suggests a novel role for this neu-
rotrophin receptor in the immune system in the brain. The ma-
jority of pTrkB-ir was found in neuronal axons and terminals.
This presynaptic pTrkB-ir, as well as glial pTrkB-ir, increased in
the CA1 stratum radiatum during the high-estradiol cycle phase,
proestrus. This finding implicates presynaptic and glial TrkB in
the synaptic plasticity mediated by BDNF and estradiol in the
hippocampus.
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