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Abstract

Background—-Brain-derived neurotrophic factor (BDNF) plays a critical role in
neurodevelopment and plasticity; decreased BDNF functioning may contribute to the pathogenesis
of schizophrenia. However, BDNF levels are not static; in animal experiments, brain BDNF
increases during spatial learning, and in clinical depression, successful antidepressant treatment
raises serum BDNF. We asked: would neuroplasticity-based cognitive training in schizophrenia
result in increased serum BDNF?

Methods—Fifty-six schizophrenia outpatients and 16 matched healthy comparison subjects were
assessed on baseline cognitive performance and serum BDNF. Schizophrenia subjects were
randomly assigned to either 50 hours (10 weeks) of computerized auditory training or a computer
game control condition, followed by reassessment of cognition and serum BDNF.

Results—At baseline, schizophrenia participants had significantly lower-than-normal serum
BDNF. Schizophrenia subjects who engaged in computerized cognitive training designed to
improve auditory processing showed significant cognitive gains and a significant increase in
serum BDNF compared with subjects who played computer games. This increase was evident
after 2 weeks of training, and after 10 weeks in the active condition, subjects “normalized” their
mean serum BDNF levels, whereas the control group showed no change. In the active condition,
change in BDNF was significantly associated with improved quality of life.

Conclusions—Serum BDNF levels are significantly increased in clinically stable, chronically ill
schizophrenia subjects after neuroplasticity-based cognitive training, but not after computer
games. Serum BDNF levels may serve as a peripheral biomarker for the effects of intensive
cognitive training and may provide a useful tool for the evaluation of cognitive enhancement
methods in schizophrenia.
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Brain-derived neurotrophic factor (BDNF), the most widely distributed neurotrophin in the
brain, plays a critical role in neurodevelopment, neuronal function, and plasticity (1,2).
Schizophrenia may be related in part to decreases in normal BDNF functioning (3). For
example, post-mortem studies show that schizophrenia patients have reduced numbers of
BDNF-positive neurons (4), as well as lowered BDNF concentrations in cortical areas and
hippocampus (5). Cord blood from infants exposed to obstetric complications who later
develop schizophrenia shows lower BDNF than blood from exposed infants who do not
develop the disorder (6). Serum BDNF levels in adult schizophrenia patients are generally
reduced compared with healthy subjects, including never-medicated, first-episode patients
(3,7-11), although results are inconsistent (12-17).

These disparate findings suggest that BDNF signaling may be lacking in schizophrenia,
possibly affecting brain plasticity and cognition. In animal experiments, the acquisition and
maintenance of spatial memory are impaired when BDNF signaling is decreased (18,19);
however, brain BDNF is increased when rodents perform a spatial learning task (18) or are
housed in cognitively stimulating environments (20). In clinical depression, successful
response to antidepressant treatment is associated with enhanced serum BDNF levels (21—
26). We thus asked: would successful neuroplasticity-based cognitive training in
schizophrenia result in increased serum BDNF levels, as suggested by the animal data, and
in a manner analogous to what is seen during antidepressant treatment in major depression?

We first sought to replicate previous findings of lowered serum BDNF in schizophrenia,
studying a well-characterized sample of 56 clinically stable, chronically ill, medicated
outpatients compared with 16 healthy subjects matched for age, sex, body mass index
(BMI), smoaking history, and education. Second, we investigated whether significant
changes in serum BDNF were observed at two time points in the 30 schizophrenia subjects
randomly assigned to 50 hours of cognitive training versus the 26 subjects assigned to a
computer games “placebo” condition. Finally, we explored the association between change
in serum BDNF levels and change in cognition, symptoms, and quality of life.

Methods and Materials

Subject Sample

Subjects were obtained from our ongoing randomized controlled trial (RCT) of
neuroplasticity-based computerized cognitive training in schizophrenia, registered at http://
ClinicalTrials.gov NCT00312962. Behavioral data from the first 55 completed subjects have
been reported previously (27,28). Fifty-six clinically stable, chronically ill, volunteer
participants with schizophrenia (SZ) were recruited from community mental health centers.
Sixteen healthy comparison subjects (HC) were recruited through advertisement to match
the SZ subjects at a group level in terms of age, sex, and education. Inclusion criteria were
Axis | diagnosis of schizophrenia (determined by the Structured Clinical Interview for
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DSM-1V [SCID]) (29) or, for HC subjects, no Axis | or Axis Il psychiatric disorder (SCID
—Nonpatient edition), no substance dependence or current substance abuse, good general
physical health, age between 18 and 60 years, and English as first language. Table 1 presents
demographics, smoking status, and BMI for all subjects, plus age of onset, baseline clinical
characteristics, and medication status of SZ participants. Diagnostic subtypes and
medications prescribed in the two SZ subgroups are presented in Supplement 1.

Study Procedure

All participants gave written informed consent and then underwent neurocognitive testing
over a 2- to 3-week period, followed by a blood draw. At the time this study was initiated,
the Measurement and Treatment Research to Improve Cognition in Schizophrenia
(MATRICS) Consensus Cognitive Battery was not yet available, although MATRICS-
recommended measures were available and were used. Raw scores were converted to z
scores using age-stratified normative data published by the test authors.

After baseline assessments, SZ subjects were stratified by age, education, sex, and symptom
severity (mean Positive and Negative Syndrome Scale [PANSS] score < 2.0 and > 2.0) (30),
and randomly assigned to either 50 hours of neuroplasticity-based targeted auditory training
(AT) or to 50 hours of computer games (CG). All subjects remained on stable doses of
medications while in the study (no dose change > 10%). After the intervention, SZ subjects
were reassessed on PANSS, Quality of Life Scale (QLS) (31), and cognitive measures by
personnel blind to group assignment.

Neuroplasticity-Based Computerized Cognitive Training Exercises

Targeted cognitive training of auditory and verbal processing (AT) was provided by
software developed by Posit Science Corporation. In these computerized exercises, which
we have described in detail elsewhere (27,28), subjects were driven to make progressively
more accurate distinctions about the spectrotemporal fine structure of auditory stimuli and
speech under conditions of increasing working memory load and to incorporate and
generalize those improvements into language comprehension. In the control condition, CG
subjects rotated through a specified series of 16 commercially available computer games for
the same number of hours as AT subjects. Both groups rated their experiences as equally
enjoyable on the 7-item subscale of Interest/Enjoyment from the Intrinsic Motivation
Inventory (32).

Measurement of Serum BDNF Levels

Blood samples were drawn from all participants 2—3 weeks after study entry. SZ subjects
had blood samples drawn at two additional points to assess the time course of change: 10
hours (2 weeks) after beginning the computerized intervention (AT or CG) and again after
completion of 50 hours (10 weeks) of the intervention. All samples were drawn in the early
afternoon (~ 1 PM % 1 hour).

For BDNF analyses, 10-mL whole-blood samples were left to clot at room temperature for 1
hour. They were then centrifuged, and the separated serum layer was aliquoted into 5 mL
polypropylene cryovials and stored at —70°C. Measurements of serum BDNF levels were
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carried out in the Center for Reproductive Sciences at UCSF by personnel blind to subjects’
group assignment. Serum samples were diluted with diluent included in the R&D Human
BDNF Quantikine ELISA kit (Minneapolis, Minnesota) to bring measured levels of BDNF
to within the range of the provided standard. A separate control sample was run on each
plate to ensure minimal interassay variability (8%—14%). Study samples were run in
duplicate. Results are reported in ng/mL.

Statistical Analyses

Results

The distributions of cognitive and BDNF measures were evaluated for missing values and
normalcy, and winsorized means were calculated if outliers were present. Three outlying
values were adjusted (2 AT, 1 CG) and comprised 1.7% of the total BDNF data. A
composite score of global cognition was computed as the average across all the MATRICS-
recommended measures. Repeated-measures analysis of variance (ANOVA) was used to test
CG and AT group differences in global cognition from baseline to posttraining.

Because age, sex, smoking status, and BMI can affect BDNF levels, independent samples t
tests (two-tailed) tested for group differences in these variables between HC and SZ
participants, and between AT and CG schizophrenia subgroups. BDNF levels may reflect
illness severity in schizophrenia (33), and thus we tested for AT and CG group differences
in education, age of onset, and PANNS and QLS Total scores. Pearson correlations (two-
tailed) between BDNF level and the demographic and clinical variables were also conducted
to identify potential covariates.

Our primary hypotheses were tested via: 1) independent-samples t test to examine group
differences in baseline BDNF between the HC and SZ subjects; 2) repeated-measures
ANOVA to test CG and AT group differences in BDNF level from baseline, to 2 weeks, to
posttraining. Our exploratory analyses consisted of Pearson bivariate correlations (two-
tailed) to test the associations in AT subjects between change in BDNF and change on
global cognition, PANSS Total score, and QLS Total score.

Baseline Demographic, Clinical, Cognitive, and Serum BDNF Data

There were no significant differences in age, education, sex, smoking status, and BMI
between the HC and SZ groups, nor in these variables and clinical or cognitive measures,
between the AT and CG schizophrenia subgroups (Table 1 and Supplement 1).

Baseline cognitive data (age-adjusted z score for global cognition) and mean serum BDNF
levels (ng/mL) are presented in Table 2 for all subject groups. The SZ subjects showed the
expected decrement in cognitive functioning (~ 1 SD below the normal mean). The HC
subjects had a significantly higher baseline mean BDNF level of 31.30 (SD = 8.95) ng/mL,
compared with a mean of 25.27 ng/mL (SD = 10.34) in SZ subjects, t = 2.11, p < .04. There
was no significant difference between AT and CG schizophrenia subgroups in baseline
mean BDNF level (see Table 2). There were no significant associations between baseline
BDNF and the demographic variables within either the SZ or HC group and no significant
associations between baseline BDNF and clinical variables in the SZ group.
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Serum BDNF Levels over the Course of Cognitive Training

Association

The full details of the clinical and neurocognitive changes seen in 55 AT subjects after 50
hours (10 weeks) of cognitive training have been reported elsewhere (27). In sum, AT
subjects showed a statistically significant gain in global cognition of .36 SD from baseline to
posttraining, compared with CG subjects, who showed no change [.01 SD; repeated-
measures ANOVA, F(1,53) = 12.82, p = .001]. There were no differences between AT and
CG subjects in PANSS or QLS measures after the intervention.

Repeated-measures ANOVA revealed a significant difference between the AT and CG
schizophrenia groups in BDNF change from baseline, to Week 2, to posttraining (Week 10),
F(2,53) = 3.47, p = .04. Post hoc contrasts revealed that the AT and CG groups differed
significantly in BDNF serum level from baseline to Week 2, F(1,54) = 4.97, p = .03, and
from baseline to Week 10, F(1,54) = 6.10, p = .02 (Figure 1). By Week 10, the AT group’s
serum BDNF level was comparable to that of the HC subjects (HC: M = 31.30, SD = 8.95;
AT: M =32.23, SD = 15.10). The standardized mean difference in BDNF level between the
CG and AT groups (Cohen’s d) was calculated at posttraining and showed a medium effect
size of .67.

of Change in BDNF to Change in Cognition, Symptoms, and Quality of Life

In the AT subject group (n = 30), there was no significant association between change in
BDNF and change in global cognition (posttraining minus baseline zscores) (r = -.22, p=.
25). The association of change in BDNF to change in PANSS Total Score was also
nonsignificant, but in the expected direction (r = -.26, p = .16). The association of change in
BDNF to change in QLS Total ratings was significant (r = .44, p = .01).

Discussion

As predicted, and consistent with prior reports, baseline serum BDNF was significantly
lower in our sample of schizophrenia subjects compared with healthy subjects matched for
age, sex, smoking history, BMI, and education (7-11). However, schizophrenia subjects
who participated in 50 hours (10 weeks) of neuroplasticity-based computerized cognitive
training showed a significant increase in serum BDNF compared with carefully matched
control subjects who engaged in 50 hours of enjoyable computer games (Figure 1). A
significant group difference was observed after only 10 hours (2 weeks) of training, and
after 50 hours, the AT participants had achieved mean serum BDNF levels comparable to
healthy subjects. In contrast, control subjects who played computer games for the same
amount of time showed no change in BDNF levels from baseline at either time point. These
data indicate that processes related to the specific demands of the active cognitive training
condition induced a sustained increase in serum BDNF, separate from the general factors of
computer exposure, contact with laboratory personnel, or engagement with enjoyable games.
This increase in BDNF correlated with improved quality of life and is consistent with the
positive association seen between increased serum BDNF and successful treatment of
depression (25,26).
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We know of only one other study that examined serum BDNF in schizophrenia in relation to
a behavioral intervention—in this case, caloric restriction (34). Serum BDNF levels were
significantly higher in patients put on a hypocaloric diet than those not on a diet. Animal
research indicates a relationship between caloric intake and central BDNF signaling (35,36),
and diet-induced increases in serum BDNF in patients may reflect similar central processes.
The increase in serum BDNF levels seen in treatment-responsive depressed patients but not
in nonresponders also suggests a relationship between central processes and BDNF
measured peripherally (22,23). Brain and serum BDNF levels change in parallel during
maturation and aging; serum and cortical BDNF levels are positively correlated (37); and in
a recent study of healthy adults, a positive association was demonstrated between serum
BDNF and an in vivo spectroscopic imaging marker of cortical neuronal integrity (38).
However, the precise nature of the relationship between serum BDNF levels and BDNF
signaling in the brain (if any) is unknown, and nothing in our data directly addresses this
question.

We must emphasize that despite the increased serum BDNF levels in AT compared with
control subjects, there was no relationship between change in BDNF and improved
cognition. Thus, the significance of increased BDNF in relation to treatment success—at
least as measured by cognitive change scores—is unclear. Nonetheless, its significant
positive association with improved quality of life is intriguing and worthy of further
investigation. Although we found no improvements at a group level in symptoms or in
quality of life immediately after training in these clinically stable, chronically ill participants
(27), we have observed a significant correlation between training-induced cognitive gains
and improved QLS measures after a 6-month no-contact follow-up in 22 subjects (39). This
finding has led us to propose that successful cognitive training may open a critical window
for functional improvement in schizophrenia in the period immediately following the
intervention (39). Results from our study suggest that increased serum BDNF levels may
contribute to these accruing functional gains.

At present, we do not know whether the observed increase in serum BDNF is due to the
unique neuroplasticity-based nature of the training or to some other unaccounted feature of
the intervention (e.g., emphasis on auditory stimuli, 80% reward schedule). It is unlikely that
a sense of “stress” induced these BDNF changes, for nothing in the enjoyment ratings or in
observations by laboratory personnel indicated that the cognitive training (which is
gamelike) was experienced as more stressful than the commercial computer games. We also
do not know whether increased BDNF would be seen in other forms of cognitive
remediation or possibly in response to any successful behavioral (or pharmacologic)
cognitive intervention. Finally, we do not have longitudinal data on the HC subjects, so we
do not know whether similar changes in serum BDNF would be observed in healthy
volunteers as a response to the cognitive training or whether this finding is unique to
schizophrenia.

Despite these limitations, our results provide tantalizing early evidence of a neurotrophin
response induced by neuroplasticity-based cognitive training—but not computer games—in
schizophrenia. Further, this biological response is associated with improved quality of life
after 10 weeks of treatment. Our data suggest that serum BDNF levels may serve as a
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peripheral biomarker for the specific effects of the cognitive training, controlling for the
general effects of study participation, engaging computer activities, and participant
enjoyment. If indeed this turns out to be the case, serum BDNF may provide a useful tool for
the evaluation of cognitive enhancement methods in schizophrenia as well as clues

regarding the mechanisms through which cognitive enhancement produces functional
benefit.

Supplementary Material
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Figure 1.

Baseline *Week 2 **Week 10

Serum brain-derived neurotrophic factor (BDNF) levels (ng/mL) in schizophrenia subjects
participating in 50 hours of computerized auditory training (AT) versus subjects
participating in 50 hours of computer games (CG). By posttraining (Week 10), the AT
subgroup’s serum BDNF level was comparable to that of age-, sex-, and education-matched
healthy comparison subjects (HC: M = 31.88, SD = 9.90; AT: M = 32.23, SD = 15.10; CG:
M =23.97 SD = 11.21).
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Table 1
Subject Characteristics, Mean (SD)

Auditory TrainingSZ  Computer Games SZ

HC Subjects (n =
16) Subgroup (n = 30) Subgroup (n = 26)

SZ Subjects (n = 56)

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Average Subject Age 44.50 (11.69) 43.95 (9.30) 42.13 (9.40) 46.04 (8.92)
Sex (Female/Male) 6/10 14/42 8/22 6/20
Average Years Education 13.92 (1.44) 13.18 (2.07) 13.10 (2.01) 13.27 (2.18)
Currently Smoking 50% (5/10) 47% (24/51) 50% (14/28) 43% (10/23)
Body Mass Index 26.87 (4.30) 29.24 (5.01) 29.04 (5.47) 29.49 (4.45)
Age of Onset — 20.91 (8.99) 21.00 (9.75) 20.85 (8.58)
Average PANNS Score at Baseline — 2.35(.65) 2.35(.75) 2.35(.53)
Global Assessment of Functioning — 48.75 (14.31) 50.11 (15.52) 46.59 (12.28)
Quality of Life Scale Total — 3.10 (1.07) 3.23(1.11) 2.93(1.02)
Chlorpromazine Equivalents — 477 (482) 444 (477) 515 (495)
Serum Anticholinergic Activity —_ 6.1(7.9) 5.9 (7.6) 6.2 (8.5)
(pmol/mL)&

Number on Antidepressants — 20 (36%) 11 (36%) 9 (35%)

Differences between groups are not significant.

HC, healthy comparison; PANNS, Positive and Negative Syndrome Scale; SZ, schizophrenia.

aSee Vinogradov et al. (28).
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