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Abstract

Recent clinical studies demonstrate that serum levels of brain-derived neurotrophic factor (BDNF) 

are significantly decreased in patients with major depressive disorder (MDD) and that 

antidepressant treatments reverse this effect, indicating that serum BDNF is a biomarker of MDD. 

These findings raise the possibility that serum BDNF may also have effects on neuronal activity 

and behavior, but the functional significance of altered serum BDNF is unknown. To address this 

issue, we determined the influence of peripheral BDNF administration on depression- and anxiety-

like behavior, including the forced swim test (FST), chronic unpredictable stress (CUS)/

anhedonia, novelty-induced hypophagia (NIH) test, and elevated-plus maze (EPM). Furthermore, 

we examined adult hippocampal neurogenesis as well as hippocampal and striatal expression of 

BDNF, extracellular signal-regulated kinase (ERK) and cAMP response element binding protein 

(CREB), in order to determine whether peripherally administered BDNF produces antidepressant-

like cellular responses in the brain. Peripheral BDNF administration increased mobility in the 

FST, attenuated the effects of CUS on sucrose consumption, decreased latency in the NIH test, 

and increased time spent in the open arms of an EPM. Moreover, adult hippocampal neurogenesis 

was increased following chronic, peripheral BDNF administration. We also found that BDNF 

levels as well as expression of pCREB and pERK were elevated in the hippocampus of adult mice 

receiving peripheral BDNF. Taken together, these results indicate that peripheral/serum BDNF 

may not only represent a biomarker of MDD, but also have functional consequences on molecular 

signaling substrates, neurogenesis and behavior.
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Introduction

A growing body of evidence indicates that alterations of neurotrophic factor expression in 

limbic brain regions, including the hippocampus, play a critical role in the pathophysiology 

and/or treatment of major depressive disorder (MDD) (Castren et al, 2007; Duman and 

Monteggia, 2006; Schmidt and Duman, 2007). Exposure to stress, which is associated with, 

but not required for, the onset of MDD (Kendler et al, 1999) in humans and precipitates or 

exacerbates depressive episodes (Gold and Chrousos, 2002), has consistently been shown to 

decrease hippocampal neurotrophic factor expression, most notably brain derived 

neurotrophic factor (BDNF), while chronic antidepressant administration increases BDNF 

expression in the hippocampus (Castren et al, 2007; Duman et al, 2006; Schmidt et al, 

2007). Stress and antidepressant administration also exert opposing effects on neurogenesis 

in the adult hippocampus, and this has been linked with some behavioral actions of 

antidepressant treatment (Saarelainen et al, 2003; Sairanen et al, 2005; Shirayama et al, 

2002). Thus, altered expression of BDNF, as well as other neurotrophic factors, and aberrant 

regulation of neurogenesis in the hippocampus and other limbic nuclei may result in 

maladaptive changes in neural networks that underlie the pathophysiology of MDD.

Recent studies have also demonstrated that increased BDNF expression plays a critical role 

in the behavioral and cellular efficacy of antidepressants (Li et al, 2008; Saarelainen et al, 

2003; Sairanen et al, 2005; Shirayama et al, 2002). Infusion of BDNF directly into the 

hippocampus is sufficient to produce an antidepressant-like effect in behavioral models of 

depression (Shirayama et al, 2002). Furthermore, the behavioral response to antidepressant 

administration is blocked in conditional BDNF knockout mice, transgenic mice expressing a 

variant BDNF allele (Val66Met), or transgenic mice expressing a dominant negative form of 

the BDNF receptor (TrkB), indicating that BDNF signaling is required for an antidepressant 

response (Chen et al, 2006; Monteggia et al, 2004; Saarelainen et al, 2003; Sairanen et al, 

2005). BDNF deletion mutants also display a depressive phenotype when exposed to mild 

stress (Duman et al, 2007), even though there is no difference under non-stressed conditions 

(Chen et al, 2006; Monteggia et al, 2004; Saarelainen et al, 2003), suggesting that decreased 

BDNF promotes a state of increased vulnerability to stress and/or depression. Studies in 

humans have reported a similar increase in vulnerability to stress in subjects carrying a 

BDNF polymorphism (Val66/Met), which decreases the processing and release of BDNF 

(Egan et al, 2003; Gatt et al, 2009).

Analyses of postmortem hippocampal tissue also support a role for BDNF in MDD, 

demonstrating that BDNF expression is decreased in depressed suicide patients and 

increased in patients receiving antidepressant medication at the time of death (Chen et al, 

2001b; Dwivedi et al, 2003; Karege et al, 2005b). Surprisingly, a large number of clinical 

studies have consistently demonstrated that serum (Aydemir et al, 2006; Gervasoni et al, 

2005; Karege et al, 2002; Shimizu et al, 2003) and plasma (Kim et al, 2007; Lee et al, 2006) 
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BDNF levels are significantly decreased in depressed patients, and that chemical (Aydemir 

et al, 2005; Gervasoni et al, 2005; Gonul et al, 2005; Huang et al, 2008b; Yoshimura et al, 

2007) and nonchemical (Bocchio-Chiavetto et al, 2006; Okamoto et al, 2008; Zanardini et 

al, 2006) antidepressants reverse or normalize this effect. Meta-analysis provides further 

evidence that serum BDNF levels are differentially regulated by stress and antidepressants 

in MDD patients (Brunoni et al, 2008; Sen et al, 2008). These findings indicate that serum 

BDNF is a biomarker for MDD and antidepressant efficacy. Moreover, these results also 

suggest that serum BDNF could have functional significance in the pathophysiology and/or 

treatment of mood disorders. The possibility that peripheral growth factors can enter the 

brain and produce both behavioral and cellular responses is supported by studies of insulin 

like growth factor-1 (IGF-1) (Aberg et al, 2000; Duman et al, 2008) and vascular 

endothelial growth factor (VEGF) (Fabel et al, 2003). In addition, despite the name, BDNF 

is also expressed at relatively high levels in peripheral tissues, including lung, heart, and 

spleen (Braun et al, 1999; Nassenstein et al, 2003; Scarisbrick et al, 1993; Timmusk et al, 

1993; Yamamoto et al, 1996), and BDNF in serum is likely to be derived from these tissues 

as well as from brain. However, there have been no studies to date examining the effects of 

peripheral BDNF on behavioral or neuronal responses.

The present study was conducted in order to determine the potential functional significance 

of peripheral BDNF in behavioral and cellular models of antidepressant-like responses. The 

results demonstrate that chronic, peripheral administration of BDNF produces antidepressant 

and anxiolytic behavioral responses in animal models, increases the survival rate of newborn 

neurons and increases BDNF-mediated signaling in the adult hippocampus. These findings 

provide the first evidence that peripheral BDNF has functional actions within the brain and 

on behavior, and, thus, further supports a role for serum BDNF as a relevant biomarker for 

depression and treatment response.

Materials and Methods

Animals and Housing

Male C57Bl/6 and BALB/c mice, 8–10 weeks of age, were obtained from Jackson 

Laboratories (Bar Harbor, ME) and were group-housed (4–5/cage) with water and food 

available ad libitum. C57Bl/6 mice were used in all of the studies except the CUS 

experiments, for which BALB/c mice were used. Mice were maintained on a 12 h light/dark 

cycle with the lights on at 7:00 AM. All experimental procedures were performed during the 

light cycle. For all experiments, mice were randomly assigned to experimental and control 

groups and tested in a counterbalanced order. All experimental protocols were consistent 

with the guidelines issued by the U.S. National Institutes of Health and were approved by 

the Yale University Institutional Animal Care and Use Committee.

Surgery

Prior to and during surgery, mice were anesthetized with isoflurane gas. Briefly, an incision 

in the skin was made between the scapulae, and a chronic, indwelling osmotic mini-pump 

(Alzet Model 1002; Durect Corp., Cupertino, CA) containing either recombinant BDNF 

(4.0, 8.0, or 12.0 µg/24 hr; Regeneron Pharmaceuticals) or saline was implanted 
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subcutaneously. The incision was closed using nylon sutures. The osmotic mini-pump 

administered recombinant BDNF or saline subcutaneously over a period of 14 days. 

Recombinant BDNF was diluted in phosphate-buffered saline (PBS) to the appropriate 

concentrations and supplemented with 0.1% bovine serum albumin (BSA) (protease-free, 

Sigma Aldrich, St. Louis, MO) as described in a previous report (Altar et al, 1992). Previous 

studies have demonstrated that recombinant BDNF is stable in subcutaneous osmotic 

minipumps and retains its biological activity for 28 days (Altar et al, 1992; Mufson et al, 

1996; Mufson et al, 1994).

Behavioral Tests

The behavioral response to peripheral BDNF or saline administration was measured during 

the last week of treatment (Figure 1A). Behavioral tests were counterbalanced and assayed 

across multiple cohorts of animals. Eight groups of animals were used to study peripheral 

BDNF administration in the FST, NIH, EPM, and OFT. Two behavioral assays were 

conducted randomly per group. Separate groups of animals were used to study the effects of 

peripheral BDNF administration and CUS exposure on sucrose consumption. Moreover, 

separate cohorts of animals that did not undergo behavioral testing were used for the 

molecular studies presented. All behavioral tests were conducted between 9:00 AM and 

12:00 PM. For more detailed information regarding protocols for the behavioral tests used in 

this study, please refer to the Supplementary Materials.

Forced Swim Test (FST)—The FST was performed according to previously published 

methods from our laboratory (Duman et al, 2007) and others (Caldarone et al, 2003). 

Briefly, C57Bl/6 mice were placed in a glass cylinder (12 cm diameter) filled to a depth of 

10 cm with water (23–25°C). A 10 minute swim test session was videotaped, and the time 

spent immobile during the swim session was recorded by an observer blinded to treatment 

groups.

Novelty-Induced Hypophagia (NIH)—C57Bl/6 mice were single-housed and trained 

daily to drink a diluted solution of sweetened condensed milk for 30 min/day. On the fourth 

consecutive day, the mice were tested in their home cage for latency to drink the milk 

solution. On the fifth day, latency to drink the milk solution was tested in a novel 

environment.

Chronic Unpredictable Stress (CUS)—BALB/c mice were used in this experiment 

because antidepressant administration has been shown to reverse behavioral deficits in this 

strain following CUS exposure (Yalcin et al, 2008). Briefly, animals receiving peripheral 

BDNF or saline administration were exposed to a variable, semi-random sequence of mild, 

unpredictable stressors. The exact stressors, duration of stress exposure, and sequence of 

exposure is shown in Supplementary Table 1. Three stressors were applied daily: once in the 

morning (beginning at 9:00AM), once in the afternoon (beginning at 2:00 PM), and 

overnight. Stress exposure began one day after implantation of the mini-osmotic pump and 

lasted for the duration of the experiment. Sucrose consumption was evaluated following 12 

days of CUS exposure in order to determine the long-term consequences of chronic, 

peripheral BDNF administration on stress-induced anhedonia (adapted from Gourley et al, 
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2008a). Briefly, mice were habituated to a 1% w/v sucrose solution for 2 days and then 

modest (4, 14, then 19 hrs) water restriction to habituate animals to water restriction 

(adapted from Gourley et al, 2008a; Willner et al, 1996) and prevent neophobia during 

testing. On the test day, mice were allowed access to sucrose solution in the home cage for 1 

hr in the absence of cagemates. Testing was repeated the following day, except that mice 

were given access to water instead of sucrose solution in order to verify that peripheral 

BDNF did not influence thirst levels.

Elevated Plus Maze (EPM)—Mice were placed in the center of the maze facing an open 

arm and were allowed to explore the maze for 5 minutes. A blinded observer recorded the 

total time spent in each arm as well as the number of entries into each arm. Entries were 

operational defined as occurring when all four paws crossed into a particular arm (Pellow et 

al, 1985).

Open Field Test (OFT)—In this paradigm, a mouse was placed into the center of an open 

field (76.5 cm × 76.5 cm × 40 cm) constructed of Plexiglas and allowed to explore for 10 

minutes. Mice were videotaped and activity was measured using the Noldus (Alexandria, 

VA) EthoVisionPro Video Tracking System in the absence of the observer. Total locomotor 

activity was measured for one hour in standard mouse cages. Locomotor activity was 

videotaped in the absence of the observer.

BDNF Enzyme-linked Immunosorbent Assays (ELISAs)

Hippocampus and ventral striatum tissue homogenates or blood plasma were prepared and 

assayed using the ChemiKine BDNF Sandwich ELISA (Chemicon, Temecula, CA) 

according to the manufacturers’ instructions (for more detail see Supplementary Materials).

In Situ Hybridization (ISH) Analysis

Briefly, coronal sections of frozen brain (16 µm) were cut on a cryostat and stored at ~70°C. 

Tissue sections were thaw-mounted on RNase-free Probon slides (Fisher), fixed, and dried. 

ISH was performed using radiolabeled riboprobes according to conventional protocols with 

minor modifications (for more detail see Supplementary Materials).

5-Bromo-2-deoxyuridine (BrdU) Immunohistochemistry and Quantification

Immunostaining was performed on free-floating sections (35 µm) according to previously 

published procedures (for more detail see Supplementary Materials). The influence of 

chronic, peripheral BDNF administration on the rate of proliferation of progenitor cells in 

the SGZ and prelimbic cortex was examined in animals injected with BrdU (Sigma, St. 

Louis, MO; 100 mg/kg, i.p.) 24 hours prior to perfusion (Figure 1B). In a separate cohort of 

animals, the influence of chronic, peripheral BDNF administration on the survival rate of 

newborn cells in the SGZ and prelimbic cortex was examined. In this study, animals were 

injected with BrdU (100 mg/kg, i.p.) twice daily for two consecutive days prior to surgical 

implantation of the osmotic mini-pumps and allowed to survive for 14 days (Figure 1C).
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Immunoblotting

Standard Western blotting techniques were used to quantify CREB, pCREB (ser133), 

ERK1/2, and pERK1/2 (for more detail see Supplementary Materials). Proteins were 

transferred onto nitrocellulose membranes (0.2 µM; Invitrogen) and immunoprobed with 

anti-CREB (Ms; 1:500; Cell Signaling Technology, Danvers, MA), anti-phospho-CREB 

(Rb; 1:500; Cell Signaling Technology), anti-ERK1/2 (Rb; 1:2000; Cell Signaling 

Technology), and anti-phospho-ERK1/2 (Ms; 1:1000; Cell Signaling Technology) at 4°C 

overnight. Uniformity of loading was confirmed by re-probing with an antibody against β-

actin (Rb; 1:1000; Cell Signaling Technology). Membranes were incubated at room 

temperature for 1 hour with IRDye700 Dx Anti-Rb IgG and IRDye800 Dx Anti-Ms IgG 

(1:5000; Rockland Immunochemicals, Gilbertsville, PA). The Odyssey imaging system (LI-

COR, Lincoln, NE) was used to scan blots and bands were analyzed using fluorescent 

densitometry analysis.

Statistical Analyses

Immobility in the FST was analyzed using one-factor (BDNF) analysis of variance 

(ANOVA). NIH latencies to drink data were analyzed using a two-factor (BDNF × 

condition) ANOVA. Furthermore, sucrose and water consumption data following CUS were 

analyzed using a two-factor (BDNF × stress) ANOVA. Pairwise comparisons of group 

means were done using Tukey’s HSD (P <0.05). Student’s t tests were used to analyze data 

from all other behavioral tests, neurogenesis assays, BDNF ELISAs, BDNF ISH analysis, 

and immunoblotting experiments. Fluorescence scores were square-root transformed to 

preserve required homogeneity of variance. In all cases comparisons were considered 

statistically significant for P < 0.05.

Results

Peripheral BDNF administration produces antidepressant-like and anxiolytic behavioral 
responses

The efficacy of antidepressants in the FST is measured as a decrease in immobility during 

the swim test session. The total time spent immobile by mice receiving peripheral saline or 

different doses of BDNF in the FST is plotted in Figure 2A. Immobility data from Figure 2A 

were analyzed using a one-way ANOVA, which revealed a significant main effect of 

treatment (F3,59 = 9.643, P < 0.0001). Further pairwise analyses revealed a significant 

difference in total time spent immobile between the saline and 8.0 or 12.0 µg/24 hr BDNF, 

and between 4.0 µg/24 hr BDNF and 8.0 or 12.0 µg/24hr BDNF administration (Tukey’s 

HSD, P < 0.05).

Latency to drink in the NIH paradigm is reduced by chronic, but not acute, antidepressant 

administration, and is thereby used as a measure of chronic antidepressant response (Dulawa 

et al, 2004). Latencies to drink a sweetened milk solution in the home and novel cage 

environments are plotted in Figure 2B. Two-way ANOVA analysis revealed significant 

main effects of treatment (F3,58 = 4.749, P < 0.01) and condition (F3,58 = 425.22, P < 

0.0001), as well as a significant interaction between treatment and condition (F3,58 = 5.178, 

P < 0.01). Subsequent pairwise analyses showed that there was a significant difference in 
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latencies to drink between all treatments in the home versus novel cage environments as 

well as in the novel cage environment between animals receiving chronic, peripheral saline 

(n = 22) or 4.0 µg/24 hr BDNF (n = 13) and animals receiving 8.0 (n = 13) or 12.0 µg/24 hr 

BDNF (n = 14) (Tukey’s HSD, P < 0.05). Latencies to drink in the home cage were not 

significantly different between treatments (P > 0.05), nor was total volume consumed in the 

home or novel cage (data not shown). Total locomotor activity was not significantly 

different between treatments when measured in standard mouse cages (Figure 2B).

The CUS model induces behavioral deficits that are reversed by chronic, but not acute, 

administration of antidepressants (Willner, 1997). Total sucrose consumption for stressed 

and non-stressed mice receiving saline or 8.0 µg/24 hr BDNF is plotted in Figure 2C. Two-

way ANOVA analysis revealed significant main effects of treatment (F1,46 = 12.295, P = 

0.001) and stress (F1,46 = 52.877, P < 0.0001), as well as a significant interaction between 

treatment and stress (F1,46 = 13.321, P < 0.001). Pairwise comparisons revealed that stressed 

animals consumed significantly less sucrose than non-stressed controls, indicating an 

anhedonic-like behavioral phenotype (Tukey’s HSD, P < 0.05). Stressed mice receiving 

chronic, peripheral BDNF consumed significantly more sucrose than stressed mice receiving 

saline indicating a partial attenuation of CUS-induced behavioral deficits (Tukey’s HSD, P 

< 0.05). There were no significant effects of consumption during habituation or bodyweights 

(data not shown). Furthermore, two-way ANOVA analysis did not reveal a significant main 

effect of treatment (F1,46 = 0.644, P = 0.43) or stress (F1,46 = 0.011, P = 0.92) on total water 

consumption in stressed and non-stressed mice receiving saline or 8.0 µg/24 hr BDNF (see 

Supplementary Figure 1).

The EPM is an animal model of anxiety-like behavior in which the efficacy of anxiolytic 

and anxiogenic compounds can be screened (Lister, 1987). Figure 3A shows the cumulative 

number of entries (mean±SEM) into both the closed and open arms during the 5 minute 

EPM test. Peripheral BDNF administration significantly increased the number of entries into 

the open arms relative to saline controls (t(20) = −3.63, P < 0.01) as well as total time spent 

in the open arms (Figure 3B) (t(20) = −2.82, P = 0.01). There was no difference in the total 

number of entries into the closed arms (P = 0.12). In the OFT (Figure 3C) there was no 

significant difference between treatments in total time spent in the perimeter (P = 0.31) or 

center (P = 0.31) zones of a novel, open-field environment. Furthermore, there was no 

difference in the total distance traveled in the center or perimeter zones (see Supplementary 

Figure 2). Also, total locomotor activity was not significantly different between treatments 

when measured in standard mouse cages (Figure 3D).

Peripheral BDNF administration produces antidepressant-like cellular responses

Recent studies demonstrate that BDNF-TrkB signaling is required for the increase in the 

proliferation (Li et al, 2008) and/or survival (Sairanen et al, 2005) of newborn neurons in 

the adult hippocampus in response to antidepressant administration. In order to determine 

the influence of peripheral BDNF on proliferation and survival of newborn cells in the 

dentate gyrus, BrdU was administered according to a temporal design (Figures 1B & 1C) 

that distinguishes these two cellular processes. We also examined the influence of peripheral 
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BDNF on BrdU-labeled (BrdU+) cells in the prefrontal cortex, a region where proliferation 

of glia is increased by antidepressant administration (Banasr and Duman, 2007a).

Total numbers of Brdu+ cells were counted in the dentate gyrus (Figure 4A) and prefrontal 

cortex (Figure 4D) of mice receiving chronic, peripheral BDNF or saline. In the proliferation 

paradigm, there was no difference in the total number of BrdU+ cells in the dentate gyrus of 

BDNF- versus saline-treated subjects 24 hours following a single injection of BrdU (Figure 

4B) (P=0.46). In contrast, the survival rate of immature neurons in the dentate gyrus 

(assessed 15 days following BrdU administration) was significantly increased by peripheral 

BDNF compared to saline controls (Figure 4C) (t(25) = −6.36, P<0.0001). Similar effects 

were observed in the prefrontal cortex, with no change on proliferation (Figure 4E) but a 

significant increase in the survival (Figure 4F) of BrdU+ cells in BDNF vs. saline-treated 

subjects (t(20) = −3.33, P<0.01).

BDNF is increased in the hippocampus following peripheral administration

Studies were conducted in order to determine if peripheral BDNF administration alters 

central levels of BDNF in the hippocampus and striatum, regions implicated in the actions of 

antidepressants (Nestler and Carlezon, 2006; Shirayama et al, 2002). ELISA and in situ 

hybridization (ISH) techniques were used to measure BDNF protein and mRNA levels, 

respectively. BDNF protein levels were significantly increased in the hippocampus of 

animals receiving peripheral BDNF when compared to saline-treated controls (Figure 5A)

( t(25) = −2.265, P=0.03). ELISA analysis of tissue homogenates prepared from the ventral 

striatum revealed no significant difference in BDNF protein levels between treatments 

(Figure 5A) (P=0.43). Representative coronal sections of dorsal hippocampus from saline- 

and BDNF-treated mice are shown in Figure 5B. Peripheral BDNF administration 

significantly increased BDNF mRNA expression in the CA3 subregion of the hippocampus 

compared to saline-treated controls (Figure 5C) (t(10) = −2.64, P<0.05). Despite trends, 

BDNF mRNA expression was not altered in the CA1 (P=0.07) or dentate gyrus (P=0.14) of 

mice receiving peripheral BDNF (Figure 5C).

Peripheral BDNF increases pERK and/or pCREB in the adult hippocampus and ventral 
striatum

Levels of ERK and CREB, as well as the activated forms of these proteins (pERK and 

pCREB) in hippocampus and ventral striatum were determined by Western blot analysis. 

There were no significant differences in the expression of β-actin, measured as a control 

protein. The results are expressed as a ratio of each signaling protein to β-actin and 

presented as percentage of the saline group. In hippocampus (Figure 6), unpaired t-tests 

revealed significant differences in total ERK1/2 (t(12) = −3.81, P<0.01), ERK1 (t(12) = 

−2.85, P=0.014) and ERK2 (t(12) = −4.13, P<0.01) between animals receiving chronic 

saline or BDNF administration (Figure 6A). There were also significant differences in levels 

of pERK1/2 (t(12) = −3.66, P<0.01), pERK1 (t(12) = −2.57, P=0.02) and pERK2 (t(12) = 

−4.02, P<0.01) (Figure 6B). Analysis of total CREB levels in the hippocampus (Figure 6C) 

revealed no significant difference between treatments (P=0.2), but a significant difference in 

pCREB levels (Figure 6D) (t(12) = −3.78, P<0.01). In the ventral striatum there were no 

significant differences in total or phosphorylated ERK1/2, ERK1, or ERK2 (Figures 7A & 
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7B). However, peripheral BDNF administration significantly increased levels of CREB 

(t(11) = −3.48, P=0.005) and pCREB (t(12) = −2.77, P=0.02) (Figures 7C & 7D).

Discussion

Response to peripheral BDNF in models of depression and anxiety

The present results demonstrate that peripheral BDNF administration produces 

antidepressant-like behavioral responses in animal models of depression and anxiety. These 

effects are similar to the actions of different classes of chemical antidepressants in the FST 

(Cryan et al, 2005), as well as to centrally administered BDNF, including infusions into the 

midbrain (Siuciak et al, 1997), hippocampus (Shirayama et al, 2002), and lateral ventricles 

(Hoshaw et al, 2005), and to over expression of BDNF in forebrain structures of transgenic 

mice (Govindarajan et al, 2006). Peripheral BDNF also partially blocks the effects of CUS, 

which causes behavioral deficits that are similar to those observed in MDD, most notably 

anhedonia. The relevance of the CUS paradigm is also highlighted by the requirement for 

chronic, long-term antidepressant administration, which is consistent with the time course 

for a therapeutic response in MDD (Willner, 2005). Attenuation of CUS-induced anhedonia 

provides additional support that peripheral BDNF produces antidepressant-like effects that 

could result from blocking stress-mediated deficits in central BDNF (Duman et al, 2006). 

The inability of peripheral BDNF administration to completely block CUS-induced 

anhedonia may be due to a requirement for a higher dose (only the 8 µg dose of BDNF was 

tested) or may suggest that altered expression of other neurotrophic factors and/or 

biochemical mechanisms contribute to this stress-mediated behavioral deficit. Further 

studies will be required to test these possibilities.

The NIH paradigm is considered a model of anxiety, and response time in this model is 

consistent with that for the therapeutic action of antidepressants (Dulawa and Hen, 2005; 

Dulawa et al, 2004). We found that chronic (14 d), but not shorter (6 d, data not shown) 

BDNF administration decreases the latency to drink in the NIH paradigm, as well as 

anxiety-like behaviors in the EPM, consistent with studies in mutant mice (i.e., decreased 

anxiety in TrkB over expressing mice (Koponen et al, 2004) and increased anxiety in mice 

with a BDNF mutation that decreases secretion(Chen et al, 2006)). Peripheral BDNF 

administration did not influence activity in either the center or periphery of an open field, 

consistent with our previous report that central infusions of BDNF did not influence 

behavior in this model (Shirayama et al, 2002). The reason for this is not clear, but could be 

related to the level of stress (i.e., BDNF may only be effective under conditions of elevated 

stress, such as in the EPM). Peripheral BDNF administration decreased anxiety-like 

behavior in the EPM consistent with previous reports (Cirulli et al, 2004; Shirayama et al, 

2002). However, the role of intra-hippocampal BDNF is unclear as some reports suggest an 

anxiogenic-like effect (Branchi et al, 2006; Deltheil et al, 2009). Moreover, there was no 

effect on activity in locomotor chambers, providing further evidence that peripheral BDNF 

does not influence general activity levels.

These behavioral results demonstrate that the effects of peripheral BDNF are not specific to 

models of either depression or anxiety. The relatively high comorbidity of depression and 

anxiety (Gorman, 1996; Kaufman and Charney, 2000) suggests that these disorders are not 
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entirely distinct conditions in humans or animals, and positive treatment responses in models 

of both disorders may be expected, as shown for chemical antidepressants (Gorman, 1996; 

Kaufman et al, 2000).

Actions of peripheral BDNF on cell proliferation and survival

The number of newborn cells was used as another functional measure, at the cellular level, 

of the central actions of peripheral BDNF. Chronic, peripheral BDNF administration 

increased the survival, but not the proliferation, of BrdU+ cells in the adult hippocampus. 

Central BDNF has also been linked with increased survival of newborn neurons in the adult 

hippocampus: basal and antidepressant induction of the survival of newborn cells in the 

hippocampus is decreased or blocked in BDNF heterozygous deletion mutants or dominant 

negative TrkB (dnTrkB) transgenic mice (Sairanen et al, 2005). Conditional deletion of 

TrkB is reported to also block antidepressant-induction of proliferation, although this effect 

is likely due to the selective deletion of TrkB in neural progenitor cells (Li et al, 2008). 

Based upon these previous studies, it is likely that increased Brdu+ cells in the hippocampus 

reflect increased neurogenesis. However, we did not phenotype these cells and firm 

conclusions regarding the exact ratio of neurons to glia cannot be drawn.

Peripheral BDNF administration also increased the survival, but not proliferation of BrdU+ 

cells in the prefrontal cortex. Previous studies have reported that antidepressant 

administration increases gliogenesis in the prefrontal cortex (Kodama et al, 2004; Madsen et 

al, 2005). In addition, stress decreases gliogenesis (Banasr et al, 2007b; Czeh et al, 2007) 

and this could contribute to the reduction of glia reported in postmortem prefrontal cortex of 

depressed subjects (Cotter et al, 2002; Cotter et al, 2001; Rajkowska et al, 1999; Uranova et 

al, 2004). The influence of central manipulation of BDNF or TrkB on glial proliferation 

and/or survival in the prefrontal cortex has not been examined, and additional studies will be 

required to determine if these are direct or indirect effects of BDNF. Furthermore, future 

studies aimed at determining whether peripheral BDNF increases gliosis and/or 

neurogenesis in the prefrontal cortex are critical to understanding the effects of peripheral 

BDNF on specific cell populations within this brain region.

Previous studies demonstrate that induction of hippocampal neurogenesis is required for 

actions of antidepressants in certain behavioral models (Santarelli et al, 2003; Surget et al, 

2008; Wang et al, 2008) (however see, Holick et al, 2008; Huang et al, 2008a), and we have 

found that ablation of glia in the prefrontal cortex is sufficient to produce a depressive-like 

phenotype in rodents (Banasr and Duman, 2008). However, the precise relationship between 

increased survival of newborn cells in the hippocampus and/or prefrontal cortex and 

responses in behavioral models will require further investigation. Regardless of the 

relationship, the present findings demonstrate that peripheral BDNF administration has 

functional consequences on survival of cells in these two limbic structures associated with 

depression and antidepressant responses.

BDNF levels in brain and activation of ERK and CREB

Regulation of behavioral and cellular responses by peripheral BDNF could result from 

indirect actions (e.g., mechanisms that involve intermediate peripheral effectors) or from 
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direct actions of BDNF on limbic brain structures. The results of our analyses of BDNF 

levels as well as downstream signal transduction pathways are consistent with the 

hypothesis that peripheral BDNF directly influences brain function. One limitation of the 

current study is that it does not identify what mechanisms (i.e., direct or indirect) underlie 

peripheral BDNF-mediated molecular changes in the brain. Peripheral BDNF administration 

significantly increased levels of BDNF in the hippocampus, and increased levels of 

activated/phosphorylated ERK and CREB, downstream targets of BDNF-TrkB signaling 

(Carlezon et al, 2005; Schmidt et al, 2008). These findings are consistent with the possibility 

that peripheral BDNF enters the brain and directly activates TrkB-ERK-CREB signaling. It 

is also possible that peripheral BDNF acts indirectly by increasing the expression of 

hippocampal BDNF, although induction of BDNF mRNA was only significant in the CA3 

pyramidal cell layer and therefore unlikely to account for an increase in total hippocampal 

BDNF protein levels. Yet another possibility is that peripheral BDNF increases the 

expression of other growth factors (e.g., vascular endothelial growth factor and insulin-like 

growth factor 1), either centrally or peripherally, which also activate ERK signaling and 

have antidepressant-like behavioral responses (Duman et al, 2008; Warner-Schmidt and 

Duman, 2007). Finally, peripheral BDNF administration may influence corticosterone 

levels, which in turn may regulate BDNF-mediated signaling in the hippocampus (Gourley 

et al, 2008b), neurogenesis (Cameron and Gould, 1994) and depressive-like behaviors 

(Gourley et al, 2008a). While the present results do not provide an exact mechanism by 

which peripheral BDNF alters endogenous BDNF levels in the brain and activation of ERK 

and CREB, they do suggest that these central effects are mediated directly by exogenous 

BDNF entering the brain or indirectly by peripheral effectors that in turn cross the blood 

brain barrier. Future studies are required in order to determine the precise mechanism(s) 

underlying the cellular responses to peripheral BDNF administration.

A functional relationship between BDNF-ERK-CREB signaling in the hippocampus and 

behavior is supported by previous studies (Schmidt et al, 2008). ERK is required for the 

behavioral effects of BDNF infusions (Shirayama et al, 2002) or antidepressant treatment 

(Duman et al, 2007), and CREB expression and function in the hippocampus is sufficient to 

produce antidepressant-like behavioral and neurogenenic responses (Chen et al, 2001a; 

Nakagawa et al, 2002a; Nakagawa et al, 2002b). We also found that peripheral BDNF 

administration increases levels of phosphorylated CREB, but not ERK, in the ventral 

striatum. However, a relationship between striatal CREB and the antidepressant responses to 

peripheral BDNF is not likely as previous studies demonstrate a pro-depressive effect of 

CREB in the nucleus accumbens (Berton et al, 2006; Eisch et al, 2003; Nestler et al, 2006; 

Newton et al, 2002; Pliakas et al, 2001; Wallace et al, 2009). Together, the results of the 

current study indicate that the predominant effects of peripheral BDNF are antidepressant-

like behavioral and cellular responses consistent with increased BDNF-ERK-CREB 

signaling in the hippocampus.

Peripheral BDNF: brain uptake and source

Peripheral BDNF could be actively transported into the brain, as shown for other growth 

factors, and have direct actions. There are reports that peripheral BDNF can cross the blood 

brain barrier, although this remains controversial (Pan et al, 1998; Pardridge et al, 1998; 
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Poduslo and Curran, 1996; Zhang and Pardridge, 2001), and additional studies are required 

to determine if the effects observed in the current study are direct or indirect. The findings 

presented here also raise the possibility that the therapeutic effects of antidepressants could 

be mediated, in part, by increased serum BDNF, which has been reported in depressed 

patients that have received antidepressant treatment (Aydemir et al, 2005; Bocchio-

Chiavetto et al, 2006; Gonul et al, 2005; Huang et al, 2008b; Shimizu et al, 2003; 

Yoshimura et al, 2007; Zanardini et al, 2006). Future studies are required in order to 

determine whether these effects are produced by transport of peripheral BDNF into the brain 

with direct effects on neuronal circuitry (e.g., hippocampus).

Another major question is the source(s) of BDNF in the periphery and its contribution to 

serum? While BDNF mRNA and protein are expressed at relatively high levels in many 

peripheral tissues, including heart (Scarisbrick et al, 1993; Timmusk et al, 1993; Yamamoto 

et al, 1996), lung (Braun et al, 1999; Nassenstein et al, 2003; Timmusk et al, 1993), kidney 

(Lommatzsch et al, 2005), bladder (Kawakami et al, 2002) and blood (Lommatzsch et al, 

2005; Radka et al, 1996), the functional significance of these peripheral sources of BDNF is 

unknown. Serum BDNF is derived from several sources including mononuclear blood cells 

and endothelial cells (Gielen et al, 2003; Kerschensteiner et al, 1999; Lommatzsch et al, 

1999; Nakahashi et al, 2000), release from platelets (Karege et al, 2005a; Lommatzsch et al, 

2007) and, to a minor extent, passage through the brain blood barrier (Pan et al, 1998). The 

contribution from other peripheral tissues has not been determined. Moreover, the factors 

underlying decreased serum BDNF in MDD have not been identified. Stress exposure 

decreases BDNF expression in limbic regions of the rodent brain (Schmidt et al, 2007), and 

it is possible that decreases in brain BDNF levels contribute to the serum decrease. 

However, it is also possible, and even likely, that reductions in peripheral tissue(s) also 

contribute to the reported reduction in serum BDNF in patients with MDD.

Detecting serum BDNF levels in naïve mice is problematic (Radka et al, 1996). A 

significant increase in serum BDNF protein levels was observed in mice receiving chronic, 

peripheral BDNF administration when compared to saline controls (data not shown). 

However, the baseline levels of serum BDNF detected in the control animals were close to 

the lower limits of detection as measured using two commercially available ELISA kits that 

are commonly used to measure BDNF protein levels in rat and human serum as well as 

rodent brain tissue homogenates. Therefore, the presence of BDNF protein in mouse 

hippocampus and striatum (present study) suggests that the absence of BDNF in mouse 

serum is not due to an assay defect that is specific to the mouse. Despite measuring a 

significant increase in serum BDNF with treatment, we are unable to draw any firm 

conclusions regarding the physiological relevance of this dose of BDNF. This caveat to 

measuring serum BDNF is mice has been reported previously (Radka et al, 1996).

Future Directions and Clinical Implications—One potential implication of the present 

findings is that peripheral BDNF may have significant clinical potential for treating 

neuropsychiatric disorders including MDD. However, the clinical efficacy of peripherally 

administered BDNF and other neurotrophic factors is limited due to unsuitable 

pharmacokinetic profiles (i.e. poor blood-brain barrier penetrability, short-half lives, low 

bioavailability, etc.) and adverse side-effects (e.g. enhanced tumor cell survival) (Pearse et 
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al, 2005; Price et al, 2007). Moreover, it should be emphasized that it remains to be 

determined whether exogenous BDNF in the periphery enters the brain or whether the 

central effects of peripherally delivered exogenous BDNF are mediated by an indirect 

mechanism(s) that influences BDNF/TrkB signaling in the brain.

Collectively, these data suggest that, in addition to serving as a potential biomarker for 

MDD and/or a therapeutic marker for the efficacy of antidepressant treatments, peripheral 

BDNF has behavioral and cellular effects that are similar to antidepressants. The precise 

mechanism(s) underlying the effects of peripheral BDNF remain to be determined but are 

likely to involve, in part, increased BDNF levels and TrkB-ERK signaling in the brain. 

These findings indicate that measures of serum BDNF can provide a novel window into 

brain structure and function that is relevant to the pathophysiology and treatment of mood 

disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental designs used for assaying the behavioral and cellular responses to peripheral 

BDNF administration in separate cohorts of mice. (A) Osmotic mini-pumps filled with 

either saline or BDNF (4.0, 8.0, or 12.0 µg/24 hr) were subcutaneously implanted dorsal to 

the scapulae in mice. Saline or BDNF was administered over 14 days at a rate of 25 µl/hr. 

Behavioral tests were counterbalanced, run across multiple cohorts of animals and 

conducted during the second week of peripheral saline or BDNF administration. (B) On day 

14 of chronic, peripheral saline or BDNF administration, mice that did not undergo 

behavioral testing were perfused and brain tissue was isolated and processed for cellular and 

molecular studies. In order to study rates of cell proliferation in the hippocampus and 

prefrontal cortex of adult mice, a single injection of 5-bromo-2-deoxyuridine (BrdU; 100 

m/kg, i.p.), a synthetic analogue of thymidine, was administered on the 13th consecutive day 

of chronic, peripheral saline or BDNF administration. Animals were sacrificed and brains 
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removed 24 hrs following injection of BrdU. (C) In order to study the survival rates of 

neural progenitor cells in the adult hippocampus and prefrontal cortex, BrdU (100 mg/kg, 

i.p.) was injected twice daily over two consecutive days prior to surgical implantation of 

osmotic mini-pumps containing saline or recombinant BDNF. Survival of BrdU-positive 

cells was measured following 14 days of chronic, peripheral saline or BDNF.
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Figure 2. 
Peripheral administration of BDNF produces antidepressant-like behavioral responses. (A) 
Peripheral BDNF administration dose-dependently decreased immobility of mice in the 

FST. Total time (mean±SEM) spent immobile following peripheral administration of saline 

(n=22), or 4.0 (n=14), 8.0 (n=13) or 12.0 µg/24 hr BDNF (n=14) are shown 

(*P<0.05,compared to saline-treated controls; #P<0.05, compared to 4.0 µg BDNF; Tukey’s 

HSD). (B) Chronic, peripheral BDNF administration dose-dependently decreased latencies 

to drink a sweetened milk solution in the novel, but not home, cage environment. Latencies 

(mean±SEM) to consume milk in the home and novel cages are plotted for mice treated with 

saline (n=22), or 4.0 (n=13), 8.0 (n=13) or 12.0 µg/24 hr BDNF (n=14) (*P<0.05 compared 

to control group, Tukey’s HSD). (C) Peripheral BDNF partially attenuated the behavioral 

deficits induced by CUS. Sucrose consumption normalized to bodyweight (mean±SEM) is 

displayed for stressed and non-stressed animals receiving saline or 8.0 µg/24 hr BDNF. 

*P<0.05 compared to non-stressed control groups; #P<0.05 compared to stressed mice 

receiving 8.0 µg/24 hr BDNF; n = 12–16/group (Tukey’s HSD).
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Figure 3. 
Peripheral BDNF administration produces anxiolytic-like behavior in a rodent model of 

anxiety. (A) Total number of entries (mean±SEM) into the open arm, but not the closed arm, 

are significantly different between mice receiving saline (n= 13) or 8.0 µg/24 hr BDNF (n= 

9) (*P<0.05 compared to saline, t-test). (B) Total time (mean±SEM) spent in the open arms 

of the EPM was significantly different between saline- (n= 13) and 8.0 µg/24 hr BDNF-

treated (n= 9) animals. (*P<0.05, t-test). (C) Total duration (mean±SEM) spent in the center 

or the perimeter of an open field is not significantly different between mice receiving 

peripheral 8.0µg/24 hr BDNF (n = 12) when compared to saline-treated controls (n = 15). 

(D) Total locomotor activity (mean±SEM), as measured in a mouse standard cage, is not 

significantly different between controls (n= 10) and mice receiving peripheral 8.0 µg/24 hr 

BDNF (n= 12).
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Figure 4. 
Chronic, peripheral BDNF increases the survival rate of neural progenitor cells in the adult 

hippocampus and prefrontal cortex. (A) Coronal sections were taken at the level of the 

dorsal hippocampus (number indicates distance from bregma in the anteroposterior direction 

(2001). The insert depicts BrdU+ cells (indicated by arrows) in the subgranular zone (SGZ), 

which borders the hilus and granular cell layer (GCL) of the dentate gyrus. The influence of 

BDNF (8 µg/24 hr, 14 d) administration on the total number of Brdu+ cells (mean±SEM) 

was determined at different time points after BrdU administration to examine cell 

proliferation (24 hr, B) or survival (14 d, C). There was no significant effect on cell 

proliferation (n = 6 per group, B), but peripheral BDNF administration significantly 

increased the number of BrDU+ cells following 14 d of BDNF administration compared to 

saline controls (*P<0.0001, n = 12–15, C). (D) Coronal section taken at the level of the 

medial prefrontal cortex, including the anterior cingulated (Cg1), prelimbic (PL) and 

infralimbic (IL) cortices. The insert depicts BrdU+ cells (indicated by arrows) in the PL 

cortex. There was no significant effect of BDNF administration on the proliferation of BrdU

+ cells in the PL (E, n = 6), but there was a significant increase in the survival of newborn 

cells when compared to saline-treated controls (*P<0.01, n = 10–12, F).
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Figure 5. 
BDNF protein and mRNA expression is increased in the hippocampus following 14 days of 

chronic, peripheral BDNF administration. (A) Hippocampal BDNF protein levels (mean

±SEM) determined by ELISA were significantly increased in animals treated with 8.0 µg/24 

hr BDNF when compared to saline-treated controls (*P=0.03, n = 13). BDNF protein levels 

in the ventral striatum were not significantly different (P=0.43, n = 13). (B) Representative 

autoradiographs are shown for a saline- and BDNF-treated (8.0 µg/24 hr) mice. Levels of 

BDNF mRNA in different subregions of the hippocampus were determined by quantitative 
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densitometry. (C) Total BDNF mRNA levels (mean±SEM) were significantly different in 

the CA3 subregion of the hippocampus in response to BDNF (n=6) when compared to 

saline-controls (*P=0.02, n = 6 per group, t-test). No significant differences were observed 

in the CA1 (t-test, P=0.07) or DG (t-test, P=0.14) (n=6) mice. CA1, cornu ammonis 1; CA3, 

cornu ammonis 3; DG, dentate gyrus.
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Figure 6. 
Chronic, peripheral BDNF administration is associated with increased pERK and pCREB in 

the adult hippocampus. Representative Western blots are shown for total ERK, pERK, 

CREB, pCREB and β-actin (loading control) from the saline and 8.0 µg/24 hr BDNF 

treatments. Densitometric values from all Western blots were normalized to β-actin and then 

expressed as percentage control. (A) Total ERK1/2, ERK1 and ERK2 (A) and total 

pERK1/2, ERK1 and ERK2 (B) levels were significantly increased in animals treated with 

BDNF when compared to saline controls (unpaired t-test, *P<0.05). While there was no 
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significant difference in CREB levels (C) between groups, there was a significant increase 

in pCREB levels in the BDNF treated group (unpaired t-test, *P<0.05). There were 7 

animals per treatment.
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Figure 7. 
Total CREB and pCREB levels are increased in the ventral striatum following 14 days of 

chronic, peripheral BDNF administration. The inserts represent some of the Western blots 

for total ERK, pERK, CREB, pCREB and β-actin (loading control) in the hippocampus from 

the saline and 8.0 µg BDNF treatments. Densitometric values from all Western blots were 

normalized to β-actin and then expressed as percentage control. (A) When analyzed with 

unpaired t-tests, total ERK1/2 (P=0/93), ERK1 (P=0.99), and ERK2 (P=0.89) levels were 

not significantly different between treatments. (B) No significant difference in levels of 
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phosphorylated ERK1/2 (P=0.49), ERK1 (P=0.57), or ERK2 (P=0.34) in the ventral 

striatum were found between mice receiving saline or 8.0 µg BDNF (unpaired t-tests). 

Significant increases in total CREB (C) and pCREB (D) levels in the ventral striatum were 

revealed by unpaired t-tests (*P<0.05 when compared to control group). There were a total 

of 7 subjects per treatment.
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