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Abstract
Background: Borna disease virus 1 (BoDV-1) is a non-segmented, negative-strand RNA virus that persistently infects
mammals including humans. BoDV-1 worldwide occurring strains display highly conserved genomes with overlapping genetic signatures between those of either human or animal origin. BoDV-1 infection may cause behavioral and
cognitive disturbances in animals but has also been found in human major depression and obsessive–compulsive
disorder (OCD). However, the impact of BoDV-1 on memory functions in OCD is unknown.
Method: To evaluate the cognitive impact of BoDV-1 in OCD, event-related brain potentials (ERPs) were recorded
in a continuous word recognition paradigm in OCD patients (n = 16) and in healthy controls (n = 12). According to
the presence of BoDV-1-specific circulating immune complexes (CIC), they were divided into two groups, namely
group H (high) and L (low), n = 8 each. Typically, ERPs to repeated items are characterized by more positive waveforms
beginning approximately 250 ms post-stimulus. This “old/new effect” has been shown to be relevant for memory
processing. The early old/new effect (ca. 300–500 ms) with a frontal distribution is proposed to be a neural correlate
of familiarity-based recognition. The late old/new effect (post-500 ms) is supposed to reflect memory recollection
processes.
Results: OCD patients were reported to show a normal early old/new effect and a reduced late old/new effect compared to normal controls. In our study, OCD patients with a high virus load (group H) displayed exactly these effects,
while patients with a low virus load (group L) did not differ from healthy controls.
Conclusion: These results confirmed that OCD patients had impaired memory recollection processes compared to
the normal controls which may to some extent be related to their BoDV-1 infection.
Keywords: Obsessive–compulsive disorder, Borna disease virus 1 (BoDV-1), Event-related brain potentials, Word
recognition, Old/new effect, Impaired memory recollection process
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Introduction
Obsessive–compulsive disorder (OCD) is characterized
by recurrent obsessions and compulsions which are time
consuming, significantly interfering with daily living of
the patient [1]. A disturbance of cortico-striato-thalamocortical (CSTC) regulatory loops has been repeatedly
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demonstrated by brain-imaging studies [2–5]. Additionally, the characteristic symptoms of OCD including chronic doubts, repetitive checking, ruminations,
decreased behavioral flexibility and ritual behavior [6]
have been related to neuropsychological deficits in the
areas of learning and memory [7–9], visuospatial processing [7, 10] and executive functions [11–13].
A strategic memory deficit has been shown in verbal
memory tasks [14–17]; however, more recent reports
showed deficits on non-verbal memory [8, 18–20]. It
has been pointed out that memory decisions in OCD
patients are usually given with reduced confidence [21–
25]. This phenomenon is known as memory bias [21, 22],
thought to be responsible for the peculiar insecurity in
OCD patients.
Event-related brain potentials (ERPs) studies reported
the existence of abnormal sensory and cognitive information processing in patients with OCD [23, 26–30].
ERPs are tiny voltage fluctuations, which can be recorded
non-invasively from the intact human scalp and have
been widely used in studying memory [31–33] due to
its high temporal resolution. Until now, there were few
ERP reports of word memory recognition (the old/new
effect) in OCD [34–37]. These studies revealed that the
old/new effect has distinct topographical areas – the
‘parietal’ and ‘mid-frontal’ in relation to memory, namely
recollection and familiarity [38]. Our previous ERP study
demonstrated that severely ill OCD patients showed an
impaired late old/new effect (conscious recollection) of
the word memory compared to the control group, which
suggested an impairment of working memory capacity in
these patients due to the dysfunction in the frontal and
cingulated cortex [36].
The aim of this study was to investigate a possible modulation of word recognition memory in OCD patients
with Borna disease virus 1 (BoDV-1) infection. BoDV1, an unique RNA virus with a non-segmented single
strand genome of negative polarity [39, 40], dominates
the species Mammalian 1 bornavirus within the family Bornaviridae [41]. BoDV-1 strains are characterized
by a broad host spectrum [42], high genomic conservation (> 95% homology) of either animal or human strains
[43] and global occurrence [44]. Human isolates could be
retrieved from peripheral mononuclear cells (PBMCs)
[45] and brain [46] of psychiatric patients. One isolate
was originating from a patient with chronic OCD [45]
and recently completely sequenced [43]. BoDV-1 infection has been further discussed in relation to OCD
[29, 47, 48]. Recently, rare cases of human encephalitis attracted attention [49–53], resembling lethal forms
of encephalomyelitis in animals [42, 54, 55]. However,
clinical outcomes (encephalitis vs. psychiatric disease), and epidemiology (zoonotic vs. human-to-human
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transmission) are still controversial [44, 56]. Likewise,
which diagnostic method should be applied remained a
matter of debate.
A variety of different methods to detect BoDV-1 infection had been developed in the past 30 years. Among
them, BoDV-1 specific antibodies in serum via immune
fluorescence (IFT) played a key role [57], but were complemented by direct viral components (proteins, RNA)
in PBMCs and to a small extent in cerebrospinal fluid of
psychiatric patients [47, 48, 58–63]. Isolation of infectious virus from RNA-positive PBMCs [45] and significantly higher frequencies of antibodies and/or RNA in
psychiatric patients vs. healthy individuals have suggested a contributory role for Borna virus in the etiopathology of psychiatric disorders (reviewed by [47, 63]).
Interestingly, BD virus recovered from a psychiatric
patient was susceptible to amantadine [64]. Human isolates from a patient with bipolar depression and an OCD
patient both were functionally different from laboratory viruses in vitro [43, 65]. Notably, in a double-blind
placebo-controlled trial, BoDV-1 infected patients with
major depressive and bipolar disorder largely benefitted from effective antiviral treatment with amantadine
[66], thereby confirming previous open trials [67, 68].
Amantadine both provided anti-depressive and antiviral efficacy, as viral antigens and antibodies declined in
parallel to clinical improvements, thereby strengthening the view on a viral involvement of the virus in neuropathology resulting in psychological events [66]. It was
hypothesized from animal models that high amounts of
free antigens are prerequisites for an interference of viral
components with neurotransmitter systems, most probably with kainite KA1 receptor of glutamate [55, 69]. The
impact of BoDV-1 infection on the sensitive balance of
neuronal circuits and altered bioelectric activities in neurons, thus disturbing cognitive processes and memory,
have been frequently demonstrated by molecular means
and animal experiments [59, 70–75]. Persistence of high
amounts of CICs which are circulating antigen–antibody
complexes, and plasma antigen (pAG) correlated with the
severity of depression [48, 66, 76]. Furthermore, higher
CIC levels were associated with attention-related cognitive changing (increased ERP N1 component) in OCD
patients, in particular in secondary visual areas and the
anterior cingulated gyrus [29].
Notably, experimental evidence also demonstrated that
BDV P-protein alone could disturb developmental processes in the brain [77] and impaired memory formation
[74, 78]. Memory impairment has also been reported in
other viral infection such as Theiler’s murine encephalomyelitis virus [79], Langat virus [80] and Herpes simplex
virus [81]. Based on the likely contribution of BoDV-1
infection to memory dysfunction, this study aimed to
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investigate whether memory problems were modulated
in BoDV-1 infected OCD patients using ERPs.

Methods
Subjects

The local ethical committee at the Hannover Medical School, Hanover, Germany, approved the study (see
Additional file 1: study history and disclaimer). Written
informed consent was obtained from all participants.
Twenty native German speakers fulfilling the DSMIV criteria [1] for OCD, participated in this study. The
patients’ pre-study treatment strategies were not changed
during the study. Patients with comorbid current psychiatric diagnosis, drug abuse, medical or neurological disorder including tics or Tourette’s syndrome were
excluded from the study. Four OCD subjects had to be
excluded because of blink or movement artifact. Characteristics of the subjects (n = 16) including demographic
data and scores on the Yale-Brown Obsessive–Compulsive Scale (Y-BOCS) [82], the Hamilton rating scale for
depression (HAMD, 21-items) [83], and the Beck Depression Inventory (BDI) were shown in Table 1.
BoDV‑1 infection monitoring

BoDV-1-infection was investigated by collecting anticoagulated blood. BoDV-1-specific circulating immune
complexes (CICs) were detected by an enzyme immune

assay (EIA) with specifically immobilized anti-p40/p24
monoclonal antibodies. Antibodies (Ab) and plasma antigens (pAG) were also measured using EIA, according to
the published protocol [48] at the Robert Koch-Institute,
Berlin, Germany during 2002–2005 (see Additional file 1:
Study history and disclaimer). The values of CICs, pAG,
and Ab were given in Table 2 as extinction values at
405 nm, measured in the starting dilutions for each test
as indicated. Follow-up samples of study patients were
tested at weeks 2, 4, 6, 12, and 16 to allow for evaluating the course of infection and the CIC values were given
in Table 3. Based on previous longitudinal studies, the
expressions of BoDV-1-specific CICs in the blood plasma
are indicating an acute activated infection state.
Two subgroups of patients were formed with regards
to BoDV-1-specific CIC levels given in Table 2 (initial
sample, week 0): group H (for “high”; n = 8, 5 women)
with relatively high levels of BoDV-1-specific CICs and
group L (for “low”; n = 8, 3 women) with relatively low
levels. Psychometric and virological parameters of the
two subgroups were shown in Table 4. Twelve healthy
control subjects (7 women, aged 20–48 years, mean
age ± SD, 33.2 ± 10.3) were recruited from the student population and the staff of the Hannover Medical School and were matched closely with respect to
age, education and handedness. They were diagnosed
and found to be not infected with BoDV-1 (data not

Table 1 Characteristics of the obsessive–compulsive disorder group
Pat
No

Age (y.)

Gen

Educ
(y.)

Additional Medication (mg/d)

Y-BOCS
(1–5/6–10)

HAM-D

BDI

1

35

F

13

Fluoxetine 60

18(5/13)

8

28

2

35

F

14

Fluoxetine 60
Carbamazepine 300

26(9/17)

25

30

3

33

F

13

Fluoxetine 20

19(12/7)

6

7

4

35

F

13

None

15(0/15)

14

13

5

35

M

14

Fluvoxamine 150

26(15/11)

16

19

6

47

M

13

None

22(12/10)

14

14

7

31

F

13

None

23(13/10)

12

4

8

24

M

15

Paroxetine 20

24(15/9)

15

6

9

56

M

19

None

32(17/15)

14

4

10

29

F

13

Fluoxetine 60

16(0/16)

15

27

11

21

M

13

Citalopram 20

16(11/5)

32

33

12

32

M

12

Venlafaxin 300

27(16/11)

5

23

13

34

M

14

None

16(9/7)

7

4

14

31

M

16

Sertraline 50

23(9/14)

21

22

15

35

F

16

None

35(17/18)

29

31

16

20

F

13

None

20(7/13)

5

7

Mean ± SD

33.3 ± 8.8

14 ± 1.75

22.4 ± 5.86(10.4 ± 5.4 14.9 ± 8.3
/11.9 ± 3.8)

17 ± 10.8

Abbreviations: Gen Gender, Edu.(y) Education year, Y-BOCS Yale-Brown obsessive–compulsive scale, HAMD Hamilton rating scale for depression, BDI Beck depression
inventory
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Table 2 Virological results of the obsessive–compulsive disorder group
H-group

L-group

H- + L-group

Pat. No

CICs-Ext. (1:20)

pAG-Ext
(1:2)

Ab-Ext
(1:100)

1

187

56

44

2

280

70

157

3

445

9

305

4

179

25

157

5

230

11

57

6

1068

542

378

7

678

104

135

8

399

47

69

Mean ± SD

433.25 ± 305.70

108 ± 178.22

185 ± 117

Comment

Commenta

Pat. No

CICs-Ext

pAG-Ext

Ab-Ext

9

66

34

79

negative

10

52

72

57

negative

11

154

7

84

12

58

4

71

13

137

45

181

14

96

48

198

15

164

51

60

16

162

45

54

Mean ± SD

Mean ± SD

111.13 ± 48.51

272.2 ± 269

38.25 ± 22.85

77.5 ± 131.1

negative

90.5 ± 63.99

137.7 ± 103.3

Abbreviations: Ext Extinction values at 405 nm, CICs BoDV-1-specific circulating immune complexes in blood plasma, specific for BoDV-1 antigens p40/p24, pAG
antigens (p40/p24) in citrated blood plasma, Ab Antibodies. The values of CICs, pAG and Ab are given as extinction at 405 nm × 1000, measured by enzyme immune
assays (EIAs) in the starting dilution in brackets for each test (see Methods)
The cut off value of each test is ≥ 100. Results < 100 are regarded negative

H-group = patients with high CICs; L-group = patients with low CICs
a

Comment: Patients 9, 10 and 12 were negative at the time of initial sampling (week 0) shown here but developed CICs on week 2, lasting to week 6 up to week 16
(see follow-up data, Table 3)

shown). There was no significant difference of age
between OCD patients and the control group (T = 0.02;
p = 0.99) and among OCD group H, group L and the
control group [F(1, 2) = 0.10; p = 0.91].

presented serially in white color on a uniform dark blue
background of a video monitor with duration of 300 ms
(milliseconds) each with an inter-stimulus interval of 2 s
(± 0.3 s). Subjects were requested and trained to fixate a
dot in the center of the screen and not to move their eyes.

Stimuli and procedure

Recording

Three hundred German words (150 nouns, 86 verbs and 64
adjectives) were selected according to Meier [84] and the
Beck inventory [85]. Mean log-frequency was –3.05. Word
length varied between 4 and 11 letters (mean 6.7), subtending
a visual angle of 1.7° vertically and 3.0° horizontally. Five randomized word lists of approximately equal length were constructed. Within each list, 83.3% of the words were repeated
after 10 to 15 intervening items. Words were repeated only
once. Each word was presented at the fixation point on a
computer monitor located 110 cm from the subject.
The subjects´ task was to discriminate between first- and
second- word presentation by pressing one of two buttons with the left or right index finger, while giving equal
importance to speed and accuracy. The button assignment
was counterbalanced between subjects. The words were

The EEG was recorded from 31 electrodes including all
standard sites of the International 10/20 system [84]. All
electrodes were referenced to the right mastoid. The horizontal EOG was recorded bilaterally with electrodes at
the outer ocular canthi and the vertical EOG was registered using an electrode below the right eye referenced
to the right outer ocular canthus. The signals were amplified using 10 s time constant and processed with a band
pass filter between 0.1 and 100 Hz (half amplitude low
and high frequency cut-offs), digitized at a rate of 250 Hz
and stored on the hard disk. Automated artefact rejection
was performed off-line to eliminate data epochs contaminated by blinks, saccades and muscle activity and amplifier saturation. The mean rejection rate was 16% (7–28%
for individual subjects).
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Table 3 Infection follow-up of the obsessive–compulsive disorder group based on circulating immune complexes (BoDV-1 CIC)
H-group

L-group

Pat. No

Week 0*

Week 2

Week 4

Week 6

Week 12

Week 16

Levela
Discontinuous

1

187

80

54

70

246

2

280

323

137

80

74

154

376

29

70

43

3

445

136

299

4

179

172

201

Discontinuous
Continuous
Continuous

5

230

19

76

48

66

169

Discontinuous

6

1068

815

856

513

1060

468

Continuous

381

Continuous

7

678

662

515

624

309

8

399

165

362

258

434

Continuous

Pat. No

Week 0*

Week 2

Week 4

Week 6

Week 12

Week 16

Level

9

66

132

145

145

54

47

Discontinuous

209

10

52

223

11

154

302

181

94

35

Discontinuous

155

368

218

Continuous

214

12

58

140

160

193

170

13

137

326

193

215

286

14

96

142

200

205

128

15

164

111

355

61

81

16

162

132

67

89

151

Continuous
Continuous
Continuous

117

Discontinuous
Discontinuous

CICs = BoDV-1-specific circulating immune complexes in blood plasma, specific for BoDV-1 antigens p40/p24. The values of CICs are given as extinction at
405 nm × 1000, measured by enzyme immune assays (EIAs) at the starting dilution of 1:20 for each sample (see Methods). *The initial sampling was at week 0 and
represented the basic virological results for H- and L-group patients in this study (see Table 2)
The cut off value of each test is ≥ 100. Results < 100 are regarded negative. H-group = patients with high CICs; L-group = patients with low CICs. aLevel: “Discontinuous”
means changing activity levels of infection within 16 weeks (last sampling). “Continuous” means stable activity levels of infection at least for 4 weeks, up to 16 weeks
(last sampling)

Table 4 Characteristic comparisons between the two OCD
groups with higher BoDV-1-specific CIC levels (group H) and with
lower BoDV-1-specific CIC levels (group L)
Mean ± SD
Age
Edu. years
Y-BOCS (1–10)
Y-BOCS (1–5)
Y-BOCS (6–10)
HAMD
BDI
CICs-Ext.(1:20)
pAG-Ext.(1:2)
Ab-Ext.(1:100)

Group H
(n = 8)

Group L
(n = 8)

34.4 ± 6.3

32.3 ± 11.1

21.6 ± 4.0

T value

p value

0.22

0.65

14.5 ± 2.32

1.16

0.27

23.1 ± 7.5

0.25

0.63

10.8 ± 5.9

0.05

0.83

12.4 ± 4.5

0.20

0.66

16.0 ± 10.5

0.28

0.60

0.46

0.51

433.3 ± 305.7

18.9 ± 12.1

111.1 ± 48.5

8.7

0.01

0.92

0.16

185.0 ± 117.0

38.2 ± 20.6

90.5 ± 64.0

4.02

0.07

13.5 ± 0.76
10.1 ± 5.2

11.5 ± 3.3

13.8 ± 5.7

15.1 ± 9.9

108.0 ± 178.2

(Abbreviations of the index see Tables 1,2 and 3)

Data analysis

ERPs were averaged off-line (BrainVision Analyzer Version 2.0) for correctly detected first and second presentations of the words for each session and participant, as
analyzed previously [27, 86]. The ERPs and behavioral
performances were analyzed using repeated measure
analysis of variance (ANOVA) using a 5% confidence
level. Behavioral data were quantified by measuring

reaction time (RT, ms) and hit rates (HR, %) (Pressing the
correct button for first and second presentation).
ERPs were quantified as mean amplitudes in specified
time windows. These data were entered into repeated
measures’ analyses of variance (ANOVA). Separate
ANOVAs were conducted for F3, Fz, F4 and C3, Cz, C4
in the time range of 250–500 ms (early old/new effect),
for C3, Cz, C4 and P3, Pz, P4 in the time window of
450–650 ms, and for F3, Fz, F4 and C3, Cz, C4 from 650950 ms (both time windows for the late old/new effect),
due to the repetition effect tending to be largest over
frontal and parietal areas [87]. The ANOVAs comprised
of the factors group (OCD patients vs. control group;
patient’s group H vs. group L vs. control group), repetition (first vs. second presentation), and electrode location
(left vs. middle vs. right). The factor group was treated
as a between-subject variable, whereas the other factors
were within-subject factors. All analyses were adjusted
for non-sphericity with the Greenhouse–Geisser epsilon
coefficient [88] whenever more than 1 degree of freedom
was present in the numerator.

Results
Virological results

OCD patients were virologically categorized according to
high infection values based on CICs (H-group, patients
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1–8) and low infection values (L-group, patients 9–16).
As shown in Table 4, the mean CIC values of the H-group
were 433.25 ± 305.7 which differed significantly from
those of the L-group (111.13 ± 48.51, p < 0.01). Within
the L-group were three patients (No. 9, 10, 12) who
turned out to be negative at the time of sampling (week
0), because of values below the cut -off of 100 in all three
tests. However, these patients developed CICs on week 2,
lasting until week 6 (No. 9 and 10) up to week 16 (No.
12) (Table 3), thus confirming infection. Table 3 further
clarified that activation levels (CIC) could be stable for a
long time (at least 4 weeks up to 16 weeks), as suggested
in continuously symptomatic OCD. Continuous CIC levels accounted for more than half of our OCD patients,
namely for 9 out of 16 patients (56.3%), but discontinuous virus activation was also found (7 out of 16 patients;
43.7%). Of the healthy volunteers, all tested negative for
CICs, pAG and Ab.
Behavioral results

Reaction times (RTs) to repeated words were significantly
longer than to first presentations in the OCD patients
and the control group [F (1, 26) = 53.35, p < 0.0001].
There was no interaction of group X repetition in either
the comparison of the whole patient sample to controls [F (1, 26) = 1.41, p = 0.25] or for the patient subgroups and the control group [F (2, 25) = 1.18, p = 0.32]
(Table 5). Repeated words were classified less accurately
than first presentations [F (1, 26) = 40.47, p < 0.0001].
There were no interaction effects of group X repetition
for the comparison of the entire patient group and the
control group [F (1, 26) = 0.93, p = 0.34] as well as for the
analysis including the patient subgroups and the control
group [F (2, 25) = 0.74, p = 0.48] (Table 5).
ERP results

The grand-average ERPs of the OCD patients (n = 16)
and the control group (n = 12) elicited by correctly recognized first (new) and second (old) word presentations
are shown for selected electrodes in Fig. 1. In both groups
ERPs to repeated and correctly classified “old” items were
more frequently positive than for new items, which represented the old/new effect. This old/new effect had an

onset of about 220 ms post-stimulus. The early part of
the old/new effect was indicated by the ERPs between
250 and 500 ms at the frontal electrodes for both groups
[factor repetition: F (1, 26) = 34.78, p < 0.001]. But there
was no difference for this early old/new effect between
both groups [interaction group X repetition effect: F (1,
26) = 0.13, p = 0.73]. The ANOVA also revealed a significant late old/new effect with the centro-frontal maximum
measured between 450 and 650 ms (factor repetition in
both groups at the central electrodes: [F (1, 26) = 13.15,
p < 0.01]. This effect appears to be more pronounced over
the left side for both groups (an interaction of the factors, repetition X electrode [F (1, 26) = 10.27; p < 0.01].
There was no interaction group X repetition effect [F
(1, 26) = 1.3, p = 0.25] and no main group differences [F
(1, 26) = 2.18, p = 0.15] of the mean amplitudes between
both groups at the central electrodes. But the single electrode statistical analysis showed the group difference at
C3 [F (1, 26) = 4.27, p < 0.05], not at Cz [F (1, 26) = 1.55,
p = 0.23] and at C4 [F (1, 26) = 1.08, p = 0.31]. From 650
to 950 ms, the factors of the within-group or betweengroup ANOVA showed no difference between both
groups. The followed individual analysis for each group
disclosed that the OCD group displayed no late old/new
effect at the parietal electrodes, but at C3, as compared to
the control group (Table 6).
Figure 2 disclosed the grand-average ERPs for the OCD
group H (n = 8), OCD group L (n = 8) and the control
group (n = 12) at the selected electrode sites. For the
early portion of the old/new effect (250–500 ms poststimulus), there was a significant repetition effect [F (1,
25) = 25.37, p < 0.0001], interaction effects of repetition X electrode [F (2, 25) = 8.08, p = 0.004], and repetition electrode X group [F (2, 25) = 3.3, p < 0.05]. In these
three groups, the early old/new effect differed between
groups for the different electrodes. The between-group
differences of the mean amplitudes were present at
the different electrodes. There was a significant difference observed for the between-group effect at the central areas. The pair-wise comparison of any two groups
showed that the ERP amplitudes were significantly
more frequently positive in the group H than in group
L and control group at the central area. No significant

Table 5 Reaction times (RT, ms) and hit rates (HR, %) (mean ± SD) for correctly recognized words in the different patient and control
groups
OCD patients
FP
RT(ms)
HR(%)

607 ± 43

96.0 ± 4.2

Group H
SP
671 ± 46

76.8 ± 13.6

FP
590 ± 38

95.0 ± 5.5

Abbreviations: FP First presentation, SP Second presentation

Group L
SP
645 ± 44

73.2 ± 12.4

FP
623 ± 43

97.0 ± 2.4

Control Group
SP
697 ± 33

80.4 ± 14.5

FP
610 ± 50

93.9 ± 8.8

SP
656 ± 32

79.7 ± 10.8
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Fig. 1 ERPs comparing OCD patients and controls. Grand average ERP waveforms to correctly detected first and second presentations of the
words for the OCD group (n = 16) and the normal controls (n = 12) at F3, F4, C3, C4, P3, and P4. The second presentations of words elicited a more
positive-shift starting at about 220 ms after the onset of the stimulus and extending for the rest of the recording epoch. This old/new effect is
widespread and has a left frontocentral maximum. The patients showed reduced late old/new effect (ca. 450–650 ms) compared to the controls.
FP = first presentation, SP = second presentation

Table 6 ANOVA results for the old/new effect (Repetition) and its
interactions with the factor electrode (in parentheses) during two
latency intervals at the different electrode sites for OCD group,
group H, group L, and the control group
OCD

Group H

Group L

Controls

250–
500 ms

F3/Fz/F4 5.37(0.03)

13.08(0.009)

0.09(0.77)

18.99(0.001)

C3/Cz/
C4

6.97(0.02)

13.95(0.007)

0.27(0.62)

8.22(0.01)

450–
650 ms

C3/Cz/
C4

3.07(0.10)

7.56(0.03)

0.39(0.55)

15.23(0.002)

P3/Pz/
P4

2.30(0.15)

4.624(0.069)

0.47(0.51)

18.39(0.001)

differences were found between group L and the control group (Table 7). As shown by the individual analysis
for each group, the control group and group H showed
the early old/new effect at the fronto-central electrodes,
while group L did not (Table 6).
From 450 to 650 ms, the within-group ANOVA disclosed the late portion of the old/new effect to be statistically significant [at the central area, F (1,25) = 10.99,
p < 0.01]. The difference of the late old/new effect between
groups was more pronounced over the left hemisphere.
The central areas were indexed by an interaction of the

factors, repetition X electrode X group [F (2, 25) = 4.77,
p < 0.05]. Only at C3, the single electrode statistical
analysis showed that there is an interaction effect of repetition X group [F (2, 25) = 3.24, p = 0.05]. These effects
still remained at the central areas in the later interval of
650–950 ms [the interaction effect of repetition X electrode X group: F (2, 25) = 4.563, p = 0.01; the interaction
of repetition X group at C3: [F (2, 25) = 3.669, p = 0.04].
As seen in the individual group analyses (Table 6), group
H showed the late old/new effect only at the left centroparietal areas in contrast to the control group (bilateral)
while group L showed none. In addition, there were significant differences of the mean amplitudes between
these groups at the centro-parietal electrodes (Table 7).
The pair-wise comparison of any two groups disclosed
that the ERP amplitudes in group L were much smaller
than in group H and the control group at the centro-parietal areas. No significant differences were found between
group H and the control group (Table 7).

Discussion
The aim of the present study was to 1) investigate changes
of the ERP old/new effects in the continuous word recognition in OCD patients in contrast to normal controls and, 2) explore the potential correlation of BoDV-1
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Fig. 2 ERPs comparing OCD groups H and L and controls. Grand average ERP waveforms to correctly detected first and second presentations of
the words for the OCD group H (n = 8), group L (n = 8) and the normal controls (n = 12) at F3, F4, C3, C4, P3, and P4. Group H showed early old/
new effect (ca. 250–500 ms) and partially late old/new effect only over the left hemisphere in contrast to controls. Significant early and late old/new
difference can be observed for the whole recording epoch between group L and the controls. FP = first presentation, SP = second presentation

Table 7 Between-subject differences of mean amplitude measures for the ERP components at the different electrode sites for group
H, group L and the control group
Electrode

250–500 ms
450–650 ms
650–950 ms

Group H Vs. Group L Vs. Control

Group H
Vs. Group L

Group H Vs.
Control

Group L Vs. Control

F(2,25) value

p value

p value

p value

p value

F3/Fz/F4

3.221

0.057

0.018

0.21

0.148

C3/Cz/C4

5.87

0.008

0.002

0.033

0.156

C3/Cz/C4

8.301

0.002

0.001

0.627

0.002

P3/Pz/P4

5.813

0.008

0.003

0.202

0.026

F3/Fz/F4

0.638

0.537

0.416

0.283

0.850

C3/Cz/C4

0.836

0.445

0.210

0.556

0.4424

infection and memory effects. The behavioral data
showed a significant effect of the old word recognition on
reaction times and target hit rates with less performance
than for new words. But this effect elicited no differences
between OCD patients and normal controls or between
the OCD subgroups and the normal controls. This clarifies the fact that the groups did not differ in their tradeoff
between response processing favoring one or the other
parameter [27]. It supports the notion that group differences in ERP measures are related to the pathophysiological basis of OCD.

ERP findings in OCD patients

The ERPs revealed two major findings. First, the early
effect of word repetition resulted in an increased positive ERP waveform to repeated words in the time range
between 250 and 500 ms post stimulus, with a maximum
effect at the fronto-central areas. This effect showed no
difference between the whole OCD group and the normal controls. Interestingly, group H (with high levels of
BoDV-1-specific CICs) had similar early old/new effects
with higher amplitudes compared to the control group.
However, group L (with low levels of BoDV-1-specific
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CICs) had no early old/new effect at this time window.
Rugg and colleagues [89, 90] stated that the early old/
new effect differed according to whether items were old
or new, but was insensitive to accuracy of recognition
judgment and the depth of manipulation processing.
Moreover, the lack of sensitivity reflected neural activity
associated with a form or forms of memory (familiarity)
distinct from recollection [90]. Our results suggested
that the whole OCD group and group H reflected relatively normal familiarity-derived recognition processing
in comparison to the controls while group L alone had a
lack of this effect.
The second noteworthy aspect of the ERP findings concerned the memory effect that occurred from approximately 500 ms after the stimulus, which differed from the
early old/new effect. The scalp topography was strongly
left centro-parietal from 450 to 650 ms and this memory
effect is sensitive to depth of processing (Remember or
Know), which reflects neural activity associated with
the conscious recollection of test items’ study episodes,
as shown in other studies [38, 89–91]. In our study, the
whole OCD group exhibited reduced late old/new effect
in the latency of 450–650 ms in contrast to normal controls, but no difference was found in both groups from
650 to 950 ms. Rugg and Curran [38] suggested that
‘no difference’ may be due to small or non-existent in a
‘simple’ word recognition test. One can argue that the
decreased old/new effect in the OCD group reflected
an impaired conscious recollection of these words compared to healthy controls. What’s more, OCD subgroups
showed sufficiently distinct ERP waveforms regarding
to this late old/new effect. Only at the left centro-parietal areas this effect was found in group H while group
L showed none. This suggested that the two OCD subgroups with different BoDV-1 infection activity levels
reflected different memory recollection processing. However, one should be cautious about linking the current
impaired memory processing in OCD with interpretations regarding neurocircuitry abnormalities and the
infection levels of BoDV-1. This will be discussed at the
end of this section.
Kim and colleagues [34] investigated the word memory
in OCD using an ERP word recognition task study. Their
results demonstrated that the controls showed the old/
new effect during the 200–500 ms period post-stimulus,
while the OCD patients did not. The absence of an old/
new effect on ERP in OCD patients was discussed in
terms of dysfunction of the fronto-striatal system, which
plays an important role in OCD. Furthermore, Kim and
colleagues [35] studied cortical source localization of
word repetition effects (old/new effects) in patients with
OCD by employing the equivalent current dipole model.
Their results suggested that OCD patients suffered from
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the encoding deficits in the word processing, particularly
in the left hemisphere.
The maximum recollection-sensitive effect of word repetition was seen obviously over the left electrodes in our
study. This was in accord with the results of numerous
other studies [89, 92, 93]. Wilding and Rugg [94] further
noted that an effect in the asymmetric scalp distribution
is due to a generator lateralized to the left hemisphere,
and the left hemisphere is important for many aspects
of verbal memory. Likewise, neuroimaging data showed
that the left hippocampal formation along with regions of
left temporal and frontal cortex involves in late old/new
effect (recollection) [90]. These findings support the current ideas about the role of the hippocampal formation
in episode memory retrieval and provide complementary
information about the localization and time course of the
cortical correlates of the recollection of recently experienced words.
OCD patients are at disadvantage, when they actively
attempt to retrieve preciously encountered information,
this is due to the impairment in non-verbal and verbal
memory performance that is correlated with the deficits
in semantic clustering and organizational strategies [14,
17]. Active organization of verbal or non-verbal information during encoding is thought to rely on a set of higherlevel control processes, called ‘executive functions’, that
modulate more basic cognitive, motor or memory functions and rely on the integrity of frontostriatal systems
[90]. This suggests that failure to initiate strategies spontaneously is a salient characteristic of executive dysfunction in OCD. Behavioral key features of OCD such as
checking or rereading might be due to deficits in memory
and structuring information [14]. We have also presented
electrophysiological evidence that OCD patient group H
showed disturbed conscious word recollection and may
utilized an alternative mechanism to recognize words,
which seemed to be closely related to the infection levels
of BoDV-1 (CICs).
BoDV‑1 infection in animal models

BoDV-1 is an evolutionary old pathogen, which is perfectly adapted to highly specialized neurons in mammals, especially in the limbic system [55]. BoDV-1 causes
behavioral disturbances in animals, such as depressionlike apathy or excitation, spatial discrimination memory
deficit, and learning deficiencies which are likely to be
the consequence of viral proteins’ interference with neurotransmitter balances in the limbic system [72, 75, 95]
or synaptic vesicle recycling [96]. BoDV-1 infected rats
have high levels of viral nucleic acid in the prefrontal cortex, and elevated levels of mesocortical dopamine activity [73]. Kamitani and colleagues [77] have reported that
glial expression of BoDV-1 phosphoprotein (P-protein)
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alone, in the absence of infection, could induce behavioral and neurological abnormalities in transgenic mice.
The transgenic brains exhibit a significant reduction in
brain-derived neurotrophic factor, serotonin receptor
expression, as well as a marked decrease in synaptic density. BoDV-1 infected rats have shown hyperactivity and
stereotyped behaviors similar to those following neurotoxic or electrolytic lesions in frontal cortex or its catecholamine afferents in rats.
Rat models of neonatal BoDV-1 infection resulting in
virus persistence have shown learning and memory deficits [72, 75]. The hippocampus has a predominant role for
memory and learning [97–99]. Initial viral dissemination
was observed on post infection day 28 in the astrocytes
of subiculum and later in the hippocampal neurons. At
day 65 post infection, the spread went from the CA1 to
the CA3 region and was abundant. The intensity of infection was more pronounced at day 120 post infection in
the dendrites of CA3 neurons [100]. Intra-axonal spread
was shown to be the major route for virus dissemination [101]. The persistent infection of BoDV-1 in animals
favors hippocampus and limbic structures as preferential
areas of replication [54, 100–102]. The pathophysiology is
observed as cortical shrinkage and degeneration of granule neurons of dentate gyrus [72, 103]. The spatio-temporal occurrence of BoDV-1 glycoprotein was observed
in the cerebral cortex, hippocampus, amygdala and
thalamus [104]. However, the over-expression of virus
nuclear and phosphoproteins (N- and P-protein) present in the hippocampus of rats with learning deficiencies [75] supported the hypothesis of an interference of
those major proteins at glutamate receptor sites, namely
the kainate KA1 receptor [69]. Notably, N- and P-protein
are the major diagnostic markers indicating an activated
infection [47, 48]. The monoclonal antibodies used in
the EIAs for the detection of CICs and antigen (pAG) in
plasma were shown to recognize conserved conformational epitopes on N-protein and phosphorylated (active)
P-protein [105]. In BoDV-1 infected rats, the synaptic plasticity of dendate gyrus neurons has been altered
[71]. Persistent infection in the brain did not affect survival and morphology, but the synaptic plasticity of the
hippocampal neurons [70, 78, 106, 107]. Learning and
memory consolidation are based on the strength of the
synaptic plasticity [108]. The evidence from animal models suggests that the synaptic plasticity was shunned by
a complex interference of BoDV-1 infection, most probably mediated by major proteins N and P, in hippocampal
neurons resulting in the inhibition of learning and memory consolidation.
PKC and CaMKII have an important role in the memory formation [109] and in psychiatric illness [110]. It is
also understood that the BoDV-1 P protein needs PKC
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and CaMKII for its phosphorylation [111, 112] and viral
spread [113]. Abrogating the PKC binding site of BoDV1-P protein resulted in restorage of normal synaptic plasticity [114]. These research reports clearly stated that
BoDV-1 P-protein utilizes secondary messenger signaling for its replication and spread. Recently, Betourne and
colleagues [78] have shown BoDV-1 P protein alone can
impair memory, like Kamitani and colleagues [77] demonstrated earlier via a transgenic mice model. This provided strong evidence that BoDV-1 infection, at least via
its pathogenic P-protein, may hinder the formation of
memory and memory recollection.
BoDV‑1 infection in human psychiatric patients

In humans BoDV-1 infection has been finally accepted
because of recent cases of associated encephalitis [49–53,
115]. However, a contributory role to psychiatric disorders which display behavior and cognitive disturbances,
is still under discussion but has longtime proponents,
due to correlative evidence in numerous studies [44–48,
57–64, 66–68, 76, 86, 116, 117]. In this study, we demonstrated significant differences in the early and late ERP
old/new effects between OCD patient group H and group
L. The group H showed impaired old/new effects with
higher mean amplitudes, while group L had no word old/
new effects in any time window compared to the normal
controls. The clinical characteristics of the patient group
H and group L, for example, ages, educational years,
Y-BOCS scores, and HAMD scores did not differ significantly. This suggested that the levels of BoDV-1 infection,
rather than the severity of clinical symptoms [36] and
clinical subtypes, were involved in the abnormal patterns
of word memory processes in both OCD subgroups. This
was the first demonstration that BoDV-1 activity (amount
of CICs) could be correlated with disease-relevant and
memory-related cognitive changes (impaired old/new
effects) in humans. Only those OCD patients with high
CIC levels displayed mnestic dysfunction, those with low
levels did not, suggesting that BoDV-1 unfolds diseaserelated effects depending upon the state of infection and
not at any time. This hypothesis is in line with fluctuating activity levels corresponding with disease episodes in
major depression [48, 66]. Notably, our pre-study screening suggested that a major proportion of OCD patients
are at risk of activating Borna disease virus 1 infection.
The increased general amplitude in group H patients
could fit well with our previous study [29], where we
found that OCD patients with high CIC levels showed
hyperactive attention-related information processing
(an increased N1 ERP component and larger P3b amplitude) compared to those with low CIC levels and controls. Indeed, functional neuroimaging studies strongly
suggested that OCD involves hyperactivity of CSTC
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networks [118, 119]. It is interesting to know that the
subiculum, a subdivision of hippocampus formation
which lies in between the entorhinal cortex and CA1 subfield of hippocampus plays an important role in memory
recollection [120]. Viral spread in animal models was
observed from subiculum to the hippocampus and then
to the cortex [100]. The present findings are consistent
with such hyperactivity and support the hypothesis this
may be modulated by BoDV-1 infection, possibly through
interfering of viral components with neurotransmitters
(e.g., glutamate and aspartate) and impairment of synaptic plasticity, especially at hippocampus areas.

Conclusion
In conclusion, ERP data from this study have added
weighs to the evidence in support of impaired memory
information processing in OCD. Additionally, the present
study, being the first study to correlate BoDV-1 infection
parameters with memory functions in humans, provides
a new insight into the suggested relationship of BoDV-1
infection with cognitive dysfunctions in OCD patients.
This will motivate further investigations along this line.
Follow up studies in OCD patients with continuous vs.
discontinuous virus activation could be useful to clarify
whether present or absent virus activity correspond to
mnestic dysfunction levels. Subsequent studies, however,
need to replicate these preliminary findings in a larger
sample size and to further investigate the possible mechanisms of neurotropic BoDV-1 infection and possible
treatments.
Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12888-022-04208-3.
Additional file 1: Supplemental file 1. Study history and disclaimer.
Acknowledgements
The authors wish to thank Claudia Richter-Witte, Sebastian Feutl and Philip
Schmorl for data collecting, Patrizia Reckwald, Dominik Rada and Robert Stoll
for excellent technical supports, and Dr. T. Münte for proofreading.
Authors’ contributions
Conceptualization, design, and methodology: YZ. Clinical data collection:
YZ. Virological data collection and data analysis: LB, HL. Formal analysis and
investigation: YZ. Writing—original draft preparation: YZ. Writing—review and
editing: YZ, HME, DED, AAPA, LB. Final version: YZ, AAPA, LB. Funding acquisition: YZ. All authors read and approved the final manuscript, except HME who
passed away in September 2018 and approved a pre-final version with identical data sets and interpretation.
Funding
Open Access funding enabled and organized by Projekt DEAL. This study was
supported by the funds (HiLF 1) from the Hannover Medical School, Germany.
Availability of data and materials
All data generated or analysed during this study are included in this published
article and its supplementary information files.

Page 11 of 14

Declarations
Ethics approval and consent for participation
The local ethical committee at the Hannover Medical School, Hanover, Germany, approved the study (see Additional file 1: study history and disclaimer).
All methods were carried out in accordance with relevant guidelines and
regulations. Written informed consent was obtained from all participants.
Consent for publication
Not applicable.
Competing interests
The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest. LB and HL report a common patent application on differential BoDV-1 diagnosis (first publication on 1 1th April, 2019) by the German
Patent and Trade Mark Office.
Author details
Clinic of Psychiatry, Social Psychiatry and Psychotherapy, Hannover Medical
School, 30625 Hanover, Germany. 2 Present Address: Social Psychiatry Counseling Center, Region Hannover, Podbielskistr. 157, 30177 Hanover, Germany.
3
Freelance Bornavirus Workgroup, Beerenstr. 41, 14163 Berlin, Germany.
4
AMEOS Klinikum Hildesheim, Goslarsche Landstr. 60, 31135 Hildesheim,
Germany. 5 Center for Systems Neuroscience Hannover, Hanover, Germany.
1

Received: 4 May 2022 Accepted: 9 August 2022

References
1. American Psychiatric Association.: Diagnostic and statistical manual of
mental disorders: DSM-IV, 4th edn. Washington, DC: American Psychiatric Association; 1994.
2. Swedo SE, Schapiro MB, Grady CL, Cheslow DL, Leonard HL, Kumar A,
Friedland R, Rapoport SI, Rapoport JL. Cerebral glucose metabolism in
childhood-onset obsessive-compulsive disorder. Arch Gen Psychiatry.
1989;46(6):518–23.
3. Schmidtke K, Schorb A, Winkelmann G, Hohagen F. Cognitive frontal
lobe dysfunction in obsessive-compulsive disorder. Biol Psychiatry.
1998;43(9583000):666–73.
4. Rauch SL. Neuroimaging and neurocircuitry models pertaining to the
neurosurgical treatment of psychiatric disorders. Neurosurg Clin N Am.
2003;14(2):213–23 vii-viii.
5. Rosenberg DR, MacMillan SN, Moore GJ. Brain anatomy and chemistry
may predict treatment response in paediatric obsessive–compulsive
disorder. Int J Neuropsychopharmacol. 2001;4(2):179–90.
6. Savage CR, Rauch SL. Cognitive deficits in obsessive-compulsive disorder. Am J Psychiatry. 2000;157(10873941):1182–3.
7. Cohen LJ, Hollander E, DeCaria CM, Stein DJ, Simeon D, Liebowitz
MR, Aronowitz BR. Specificity of neuropsychological impairment
in obsessive-compulsive disorder: a comparison with social phobic and normal control subjects. J Neuropsychiatry Clin Neurosci.
1996;8(8845706):82–5.
8. Savage CR, Baer L, Keuthen NJ, Brown HD, Rauch SL, Jenike
MA. Organizational strategies mediate nonverbal memory
impairment in obsessive-compulsive disorder. Biol Psychiatry.
1999;45(10202579):905–16.
9. Gottwald J, de Wit S, Apergis-Schoute AM, Morein-Zamir S, Kaser M,
Cormack F, Sule A, Limmer W, Morris AC, Robbins TW, et al. Impaired
cognitive plasticity and goal-directed control in adolescent obsessivecompulsive disorder. Psychol Med. 2018;48(11):1900–8.
10. Oh S, Jung WH, Kim T, Shim G, Kwon JS. Brain Activation of Patients
With Obsessive-Compulsive Disorder During a Mental Rotation Task: A
Functional MRI Study. Front Psychiatry. 2021;12:659121.
11. Purcell R, Maruff P, Kyrios M, Pantelis C. Neuropsychological deficits in obsessive-compulsive disorder: a comparison with unipolar
depression, panic disorder, and normal controls. Arch Gen Psychiatry.
1998;55(9596044):415–23.

Zhang et al. BMC Psychiatry

(2022) 22:597

12. Veale DM, Sahakian BJ, Owen AM, Marks IM. Specific cognitive deficits
in tests sensitive to frontal lobe dysfunction in obsessive-compulsive
disorder. Psychol Med. 1996;26(6):1261–9.
13. Bedard MJ, Joyal CC, Godbout L, Chantal S. Executive functions and
the obsessive-compulsive disorder: on the importance of subclinical
symptoms and other concomitant factors. Arch Clin Neuropsychol.
2009;24(6):585–98.
14. Deckersbach T, Otto MW, Savage CR, Baer L, Jenike MA. The relationship
between semantic organization and memory in obsessive-compulsive
disorder. Psychother Psychosom. 2000;69(2):101–7.
15. Savage CR, Deckersbach T, Wilhelm S, Rauch SL, Baer L, Reid T, Jenike
MA. Strategic processing and episodic memory impairment in obsessive compulsive disorder. Neuropsychology. 2000;14(10674806):141–51.
16. Henin A, Savage CR, Rauch SL, Deckersbach T, Wilhelm S, Baer L, Otto
MW, Jenike MA. Is age at symptom onset associated with severity of
memory impairment in adults with obsessive-compulsive disorder? Am
J Psychiatry. 2001;158(11136649):137–9.
17. Cabrera AR, McNally RJ, Savage CR. Missing the forest for the trees?
Deficient memory for linguistic gist in obsessive-compulsive disorder.
Psychol Med. 2001;31(6):1089–94.
18. Bernardes ET, Saraiva LC, MM ES, Hoexter MQ, Chacon P, Requena G,
Miguel EC, Shavitt RG, Polanczyk GV, Cappi C, et al. Cognitive performance in children and adolescents at high-risk for obsessive-compulsive disorder. BMC Psychiatry. 2020;20(1):380.
19. Muller J, Roberts JE. Memory and attention in Obsessive-Compulsive
Disorder: a review. J Anxiety Disord. 2005;19(1):1–28.
20. Segalas C, Alonso P, Real E, Garcia A, Minambres A, Labad J, Pertusa
A, Bueno B, Jimenez-Murcia S, Menchon JM. Memory and strategic
processing in first-degree relatives of obsessive compulsive patients.
Psychol Med. 2010;40(12):2001–11.
21. Radomsky AS, Rachman S. Memory bias in obsessive-compulsive
disorder (OCD). Behav Res Ther. 1999;37(10402686):605–18.
22. Radomsky AS, Rachman S, Hammond D. Memory bias, confidence and responsibility in compulsive checking. Behav Res Ther.
2001;39(11419612):813–22.
23. Tolin DF, Abramowitz JS, Brigidi BD, Amir N, Street GP, Foa EB. Memory
and memory confidence in obsessive-compulsive disorder. Behav Res
Ther. 2001;39(11480832):913–27.
24. Konishi M, Shishikura K, Nakaaki S, Komatsu S, Mimura M. Remembering and forgetting: directed forgetting effect in obsessive-compulsive
disorder. Neuropsychiatr Dis Treat. 2011;7:365–72.
25. Moritz S, Jaeger A. Decreased memory confidence in obsessivecompulsive disorder for scenarios high and low on responsibility: is low still too high? Eur Arch Psychiatry Clin Neurosci.
2018;268(3):291–9.
26. Towey JP, Tenke CE, Bruder GE, Leite P, Friedman D, Liebowitz M,
Hollander E. Brain event-related potential correlates of overfocused
attention in obsessive-compulsive disorder. Psychophysiology.
1994;31(6):535–43.
27. Johannes S, Wieringa BM, Nager W, Rada D, Dengler R, Emrich
HM, Munte TF, Dietrich DE. Discrepant target detection and action
monitoring in obsessive-compulsive disorder. Psychiatry Res.
2001;108(2):101–10.
28. Miyata A, Matsunaga H, Kiriike N, Iwasaki Y, Takei Y, Yamagami S. Eventrelated potentials in patients with obsessive-compulsive disorder.
Psychiatry Clin Neurosci. 1998;52(5):513–8.
29. Dietrich DE, Zhang Y, Bode L, Münte TF, Hauser U, Schmorl P, RichterWitte C, Godecke-Koch T, Feutl S, Schramm J, et al. Brain potential
amplitude varies as a function of Borna disease virus-specific immune
complexes in obsessive-compulsive disorder. Mol Psychiatry.
2005;10(6):515 (519-520).
30. de Groot CM, Torello MW, Boutros NN, Allen R. Auditory event-related
potentials and statistical probability mapping in obsessive-compulsive
disorder. Clin Electroencephalogr. 1997;28(3):148–54.
31. Taylor JR, Olichney JM. From amnesia to dementia: ERP studies of
memory and language. Clin EEG Neurosci. 2007;38(1):8–17.
32. Eichenbaum H, Yonelinas AP, Ranganath C. The medial temporal lobe
and recognition memory. Annu Rev Neurosci. 2007;30:123–52.
33. Mecklinger A, Bader R. From fluency to recognition decisions: A
broader view of familiarity-based remembering. Neuropsychologia.
2020;146:107527.

Page 12 of 14

34. Kim M-S, Kim YY, Kim EN, Lee KJ, Ha TH, Kwon JS. Implicit and explicit
memory in patients with obsessive-compulsive disorder: an eventrelated potential study. J Psychiatr Res. 2006;40(16083910):541–9.
35. Kim YY, Yoo SY, Kim MS, Kwon JS. Equivalent current dipole of word
repetition effects in patients with obsessive-compulsive disorder. Brain
Topogr. 2006;18(3):201–12.
36. Zhang Y, Feutl S, Hauser U, Richter-Witte C, Schmorl P, Emrich HM,
Dietrich DE. Clinical correlates of word recognition memory in obsessive-compulsive disorder: an event-related potential study. Psychiatry
Res. 2008;162(3):262–72.
37. Kim YY, Roh AY, Yoo SY, Kang DH, Kwon JS. Impairment of source
memory in patients with obsessive-compulsive disorder: equivalent
current dipole analysis. Psychiatry Res. 2009;165(1–2):47–59.
38. Rugg MD, Curran T. Event-related potentials and recognition
memory. Trends Cogn Sci. 2007;11(6):251–7.
39. Cubitt B, Oldstone C, de la Torre JC. Sequence and genome organization of Borna disease virus. J Virol. 1994;68(3):1382–96.
40. Briese T, Schneemann A, Lewis AJ, Park YS, Kim S, Ludwig H, Lipkin WI.
Genomic organization of Borna disease virus. Proc Natl Acad Sci U S
A. 1994;91(10):4362–6.
41. Amarasinghe GK, Bao Y, Basler CF, Bavari S, Beer M, Bejerman
N, Blasdell KR, Bochnowski A, Briese T, Bukreyev A, et al. Taxonomy of the order Mononegavirales: update 2017. Arch Virol.
2017;162(8):2493–504.
42. Ludwig H, Bode L. Borna disease virus: new aspects on infection, disease, diagnosis and epidemiology. Rev Sci Tech. 2000;19(1):259–88.
43. Guo Y, He P, Sun L, Zhang X, Xu X, Tang T, Zhou W, Li Q, Zou D, Bode
L, et al. Full-length genomic sequencing and characterization of
Borna disease virus 1 isolates: Lessons in epidemiology. J Med Virol.
2020;92(12):3125–37.
44. Bode L, Xie P, Dietrich DE, Zaliunaite V, Ludwig H. Are human Borna
disease virus 1 infections zoonotic and fatal? Lancet Infect Dis.
2020;20(6):650–1.
45. Bode L, Durrwald R, Rantam FA, Ferszt R, Ludwig H. First isolates
of infectious human Borna disease virus from patients with mood
disorders. Mol Psychiatry. 1996;1(3):200–12.
46. Nakamura Y, Takahashi H, Shoya Y, Nakaya T, Watanabe M, Tomonaga K, Iwahashi K, Ameno K, Momiyama N, Taniyama H, et al.
Isolation of Borna disease virus from human brain tissue. J Virol.
2000;74(10):4601–11.
47. Bode L, Ludwig H. Borna disease virus infection, a human mental-health
risk. Clin Microbiol Rev. 2003;16(3):534–45.
48. Bode L, Reckwald P, Severus WE, Stoyloff R, Ferszt R, Dietrich DE,
Ludwig H. Borna disease virus-specific circulating immune complexes,
antigenemia, and free antibodies–the key marker triplet determining infection and prevailing in severe mood disorders. Mol Psychiatry.
2001;6(4):481–91.
49. Schlottau K, Forth L, Angstwurm K, Hoper D, Zecher D, Liesche F,
Hoffmann B, Kegel V, Seehofer D, Platen S, et al. Fatal Encephalitic Borna
Disease Virus 1 in Solid-Organ Transplant Recipients. N Engl J Med.
2018;379(14):1377–9.
50. Korn K, Coras R, Bobinger T, Herzog SM, Lucking H, Stohr R, Huttner HB,
Hartmann A, Ensser A. Fatal Encephalitis Associated with Borna Disease
Virus 1. N Engl J Med. 2018;379(14):1375–7.
51. Liesche F, Ruf V, Zoubaa S, Kaletka G, Rosati M, Rubbenstroth D, Herden
C, Goehring L, Wunderlich S, Wachter MF, et al. The neuropathology of
fatal encephalomyelitis in human Borna virus infection. Acta Neuropathol. 2019;138(4):653–65.
52. Niller HH, Angstwurm K, Rubbenstroth D, Schlottau K, Ebinger A, Giese
S, Wunderlich S, Banas B, Forth LF, Hoffmann D, et al. Zoonotic spillover
infections with Borna disease virus 1 leading to fatal human encephalitis, 1999–2019: an epidemiological investigation. Lancet Infect Dis.
2020;20(4):467–77.
53. Tappe D, Portner K, Frank C, Wilking H, Ebinger A, Herden C, Schulze C,
Muntau B, Eggert P, Allartz P, et al. Investigation of fatal human Borna
disease virus 1 encephalitis outside the previously known area for
human cases, Brandenburg, Germany - a case report. BMC Infect Dis.
2021;21(1):787.
54 Gosztonyi G, Ludwig H. Borna disease of horses. An immunohistological
and virological study of naturally infected animals. Acta Neuropathol.
1984;64(3):213–21.

Zhang et al. BMC Psychiatry

(2022) 22:597

55. Gosztonyi G, Ludwig H, Bode L, Kao M, Sell M, Petrusz P, Halasz B. Obesity induced by Borna disease virus in rats: key roles of hypothalamic
fast-acting neurotransmitters and inflammatory infiltrates. Brain Struct
Funct. 2020;225(5):1459–82.
56. Bode L, Guo Y, Xie P: Molecular epidemiology of human Borna disease
virus 1 infection revisited. Emerg Microbes Infect. 2022;11(1):1335-8.
57. Bode L. Human infections with Borna disease virus and potential pathogenic implications. Curr Top Microbiol Immunol. 1995;190:103–30.
58. Bode L, Zimmermann W, Ferszt R, Steinbach F, Ludwig H. Borna disease
virus genome transcribed and expressed in psychiatric patients. Nat
Med. 1995;1(3):232–6.
59. Tomonaga K. Virus-induced neurobehavioral disorders: mechanisms
and implications. Trends Mol Med. 2004;10(2):71–7.
60. Deuschle M, Bode L, Heuser I, Schmider J, Ludwig H. Borna disease virus
proteins in cerebrospinal fluid of patients with recurrent depression
and multiple sclerosis. Lancet. 1998;352(9143):1828–9.
61. Iwahashi K, Watanabe M, Nakamura K, Suwaki H, Nakaya T, Nakamura Y,
Takahashi H, Ikuta K. Clinical investigation of the relationship between
Borna disease virus (BDV) infection and schizophrenia in 67 patients in
Japan. Acta Psychiatr Scand. 1997;96(6):412–5.
62. Chen CH, Chiu YL, Shaw CK, Tsai MT, Hwang AL, Hsiao KJ. Detection of
Borna disease virus RNA from peripheral blood cells in schizophrenic
patients and mental health workers. Mol Psychiatry. 1999;4(6):566–71.
63. Ikuta K, Ibrahim MS, Kobayashi T, Tomonaga K. Borna disease virus and
infection in humans. Front Biosci. 2002;7:d470-495.
64. Bode L, Dietrich DE, Stoyloff R, Emrich HM, Ludwig H. Amantadine and
human Borna disease virus in vitro and in vivo in an infected patient
with bipolar depression. Lancet. 1997;349(9046):178–9.
65. Liu S, Bode L, Zhang L, He P, Huang R, Sun L, Chen S, Zhang H, Guo
Y, Zhou J, et al. GC-MS-Based Metabonomic Profiling Displayed
Differing Effects of Borna Disease Virus Natural Strain Hu-H1 and
Laboratory Strain V Infection in Rat Cortical Neurons. Int J Mol Sci.
2015;16(8):19347–68.
66. Dietrich DE, Bode L, Spannhuth CW, Hecker H, Ludwig H, Emrich HM.
Antiviral treatment perspective against Borna disease virus 1 infection
in major depression: a double-blind placebo-controlled randomized
clinical trial. BMC Pharmacol Toxicol. 2020;21(1):12.
67. Ferszt R, Kuhl KP, Bode L, Severus EW, Winzer B, Berghofer A, Beelitz G,
Brodhun B, Muller-Oerlinghausen B, Ludwig H. Amantadine revisited:
an open trial of amantadinesulfate treatment in chronically depressed
patients with Borna disease virus infection. Pharmacopsychiatry.
1999;32(4):142–7.
68. Dietrich DE, Bode L, Spannhuth CW, Lau T, Huber TJ, Brodhun B, Ludwig
H, Emrich HM. Amantadine in depressive patients with Borna disease
virus (BDV) infection: an open trial. Bipolar Disord. 2000;2(1):65–70.
69. Gosztonyi G. Natural and experimental Borna disease virus infections–neuropathology and pathogenetic considerations. APMIS Suppl.
2008;124:53–7.
70. Gonzalez-Dunia D, Volmer R, Mayer D, Schwemmle M. Borna
disease virus interference with neuronal plasticity. Virus Res.
2005;111(2):224–34.
71. Heimrich B, Hesse DA, Wu YJ, Schmid S, Schwemmle M. Borna disease
virus infection alters synaptic input of neurons in rat dentate gyrus. Cell
Tissue Res. 2009;338(2):179–90.
72. Rubin SA, Sylves P, Vogel M, Pletnikov M, Moran TH, Schwartz GJ,
Carbone KM. Borna disease virus-induced hippocampal dentate gyrus
damage is associated with spatial learning and memory deficits. Brain
Res Bull. 1999;48(1):23–30.
73. Solbrig MV, Koob GF, Fallon JH, Reid S, Lipkin WI. Prefrontal cortex
dysfunction in Borna disease virus (BDV)–infected rats. Biol Psychiatry.
1996;40(7):629–36.
74. Jie J, Xu X, Xia J, Tu Z, Guo Y, Li C, Zhang X, Wang H, Song W, Xie P.
Memory Impairment Induced by Borna Disease Virus 1 Infection is
Associated with Reduced H3K9 Acetylation. Cell Physiol Biochem.
2018;49(1):381–94.
75. Dittrich W, Bode L, Ludwig H, Kao M, Schneider K. Learning deficiencies
in Borna disease virus-infected but clinically healthy rats. Biol Psychiatry.
1989;26(8):818–28.
76. Mazaheri-Tehrani E, Maghsoudi N, Shams J, Soori H, Atashi H, Motamedi
F, Bode L, Ludwig H. Borna disease virus (BDV) infection in psychiatric
patients and healthy controls in Iran. Virol J. 2014;11:161.

Page 13 of 14

77. Kamitani W, Ono E, Yoshino S, Kobayashi T, Taharaguchi S, Lee BJ,
Yamashita M, Okamoto M, Taniyama H, Tomonaga K, et al. Glial expression of Borna disease virus phosphoprotein induces behavioral and
neurological abnormalities in transgenic mice. Proc Natl Acad Sci U S A.
2003;100(15):8969–74.
78. Betourne A, Szelechowski M, Thouard A, Abrial E, Jean A, Zaidi F, Foret C,
Bonnaud EM, Charlier CM, Suberbielle E, et al. Hippocampal expression
of a virus-derived protein impairs memory in mice. Proc Natl Acad Sci U
S A. 2018;115(7):1611–6.
79. Buenz EJ, Rodriguez M, Howe CL. Disrupted spatial memory is a consequence of picornavirus infection. Neurobiol Dis. 2006;24(2):266–73.
80. Cornelius ADA, Hosseini S, Schreier S, Fritzsch D, Weichert L,
Michaelsen-Preusse K, Fendt M, Kroger A. Langat virus infection affects
hippocampal neuron morphology and function in mice without
disease signs. J Neuroinflammation. 2020;17(1):278.
81. De Chiara G, Piacentini R, Fabiani M, Mastrodonato A, Marcocci
ME, Limongi D, Napoletani G, Protto V, Coluccio P, Celestino I, et al.
Recurrent herpes simplex virus-1 infection induces hallmarks of
neurodegeneration and cognitive deficits in mice. PLoS Pathog.
2019;15(3):e1007617.
82. Squire LR, Knowlton B, Musen G. The structure and organization of
memory. Annu Rev Psychol. 1993;44(8434894):453–95.
83. Hamilton M. A rating scale for depression. J Neurol Neurosurg Psychiatry. 1960;23:56–62.
84. Meier AH: Deutsche Sprachstatistik, vol. 2. Hildesheim: Band. Olms;
1967.
85. Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An inventory for
measuring depression. Arch Gen Psychiatry. 1961;4:561–71.
86. Dietrich DE, Schedlowski M, Bode L, Ludwig H, Emrich HM. A viropsycho-immunological disease-model of a subtype affective disorder.
Pharmacopsychiatry. 1998;31(3):77–82.
87. Rugg MD, Allan K: Memory retrieval: an electrophysiological perspective. In: The Cognitive Neurosciences. edn. Edited by Gazzaniga MS.
Cambridge, USA: MIT Press; 1999: 805–816.
88. Klem GH, Luders HO, Jasper HH, Elger C. The ten-twenty electrode
system of the International Federation. The International Federation of
Clinical Neurophysiology. Electroencephalogr Clin Neurophysiol Suppl.
1999;52:3–6.
89. Rugg MD, Walla P, Schloerscheidt AM, Fletcher PC, Frith CD, Dolan
RJ. Neural correlates of depth of processing effects on recollection:
evidence from brain potentials and positron emission tomography. Exp
Brain Res. 1998;123(1–2):18–23.
90. Rugg MD, Mark RE, Walla P, Schloerscheidt AM, Birch CS, Allan K. Dissociation of the neural correlates of implicit and explicit memory. Nature.
1998;392(6676):595–8.
91. Mecklinger A. Interfacing mind and brain: a neurocognitive model of
recognition memory. Psychophysiology. 2000;37(11037034):565–82.
92. Jennings JR, Wood CC. Letter: The epsilon-adjustment procedure
for repeated-measures analyses of variance. Psychophysiology.
1976;13(3):277–8.
93. Johannes S, Mangun GR, Kussmaul CL, Munte TF. Brain potentials
in developmental dyslexia: differential effects of word frequency in
human subjects. Neurosci Lett. 1995;195(8584205):183–6.
94. Wilding EL, Rugg MD. An event-related potential study of recognition memory with and without retrieval of source. Brain. 1996;119(Pt
3):889–905.
95. Carbone KM, Rubin SA, Nishino Y, Pletnikov MV. Borna disease: virusinduced neurobehavioral disease pathogenesis. Curr Opin Microbiol.
2001;4(4):467–75.
96. Volmer R, Monnet C, Gonzalez-Dunia D. Borna disease virus blocks
potentiation of presynaptic activity through inhibition of protein kinase
C signaling. PLoS Pathog. 2006;2(3):e19.
97. Degenetais E, Thierry A-M, Glowinski J, Gioanni Y. Synaptic influence of
hippocampus on pyramidal cells of the rat prefrontal cortex: an in vivo
intracellular recording study. Cereb Cortex. 2003;13(12816894):782–92.
98. Ivanco TL, Racine RJ. Long-term potentiation in the reciprocal
corticohippocampal and corticocortical pathways in the chronically
implanted, freely moving rat. Hippocampus. 2000;10(10791836):143–52.
99. Rosenzweig ES, Barnes CA. Impact of aging on hippocampal function: plasticity, network dynamics, and cognition. Prog Neurobiol.
2003;69(12758108):143–79.

Zhang et al. BMC Psychiatry

(2022) 22:597

100. Ackermann A, Guelzow T, Staeheli P, Schneider U, Heimrich B. Visualizing viral dissemination in the mouse nervous system, using a green
fluorescent protein-expressing Borna disease virus vector. J Virol.
2010;84(10):5438–42.
101. Carbone KM, Duchala CS, Griffin JW, Kincaid AL, Narayan O. Pathogenesis of Borna disease in rats: evidence that intra-axonal spread is the
major route for virus dissemination and the determinant for disease
incubation. J Virol. 1987;61(11):3431–40.
102. Carbone KM, Rubin SA, Sierra-Honigmann AM, Lederman HM. Characterization of a glial cell line persistently infected with borna disease
virus (BDV): influence of neurotrophic factors on BDV protein and RNA
expression. J Virol. 1993;67(3):1453–60.
103. Gonzalez-Dunia D, Watanabe M, Syan S, Mallory M, Masliah E, De La
Torre JC. Synaptic pathology in Borna disease virus persistent infection.
J Virol. 2000;74(8):3441–8.
104. Werner-Keiss N, Garten W, Richt JA, Porombka D, Algermissen D, Herzog
S, Baumgartner W, Herden C. Restricted expression of Borna disease
virus glycoprotein in brains of experimentally infected Lewis rats. Neuropathol Appl Neurobiol. 2008;34(6):590–602.
105. Bode L. Human bornavirus infection– towards a valid diagnostic system. APMIS Suppl. 2008;124:21–39.
106. Alonso M, Bekinschtein P, Cammarota M, Vianna MRM, Izquierdo I, Medina JH. Endogenous BDNF is required for longterm memory formation in the rat parietal cortex. Learn Mem.
2005;12(16204202):504–10.
107. Hans A, Bajramovic JJ, Syan S, Perret E, Dunia I, Brahic M, GonzalezDunia D. Persistent, noncytolytic infection of neurons by Borna disease
virus interferes with ERK 1/2 signaling and abrogates BDNF-induced
synaptogenesis. FASEB J. 2004;18(7):863–5.
108. Lee Y-S, Silva AJ. The molecular and cellular biology of enhanced cognition. Nat Rev Neurosci. 2009;10(19153576):126–40.
109. Izquierdo I, Medina JH. Memory formation: the sequence of biochemical events in the hippocampus and its connection to activity in other
brain structures. Neurobiol Learn Mem. 1997;68(9398590):285–316.
110. Van Kolen K, Pullan S, Neefs J-M, Dautzenberg FM. Nociceptive and
behavioural sensitisation by protein kinase Cepsilon signalling in the
CNS. J Neurochem. 2008;104(17971128):1–13.
111. Schmid S, Mayer D, Schneider U, Schwemmle M. Functional characterization of the major and minor phosphorylation sites of the P protein of
Borna disease virus. J Virol. 2007;81(11):5497–507.
112. Schwemmle M, De B, Shi L, Banerjee A, Lipkin WI. Borna disease virus
P-protein is phosphorylated by protein kinase C epsilon and casein
kinase II. J Biol Chem. 1997;272(35):21818–23.
113. Schmid S, Metz P, Prat CMA, Gonzalez-Dunia D, Schwemmle M.
Protein kinase C-dependent phosphorylation of Borna disease
virus P protein is required for efficient viral spread. Arch Virol.
2010;155(20333534):789–93.
114. Prat CMA, Schmid S, Farrugia F, Cenac N, Le Masson G, Schwemmle
M, Gonzalez-Dunia D: Mutation of the protein kinase C site in borna
disease virus phosphoprotein abrogates viral interference with
neuronal signaling and restores normal synaptic activity. PLoS Pathog.
2009;5(5):e1000425. https://doi.org/10.1371/journal.ppat.1000425.
115. Frank C, Wickel J, Bramer D, Matschke J, Ibe R, Gazivoda C, Gunther A,
Hartmann C, Rehn K, Cadar D, et al. Human Borna disease virus 1 (BoDV1) encephalitis cases in the north and east of Germany. Emerg Microbes
Infect. 2021;11(1):1–19.
116. Zaliunaite V, Steibliene V, Bode L, Podlipskyte A, Bunevicius R, Ludwig H.
Primary psychosis and Borna disease virus infection in Lithuania: a case
control study. BMC Psychiatry. 2016;16(1):369.
117. Liu X, Bode L, Zhang L, Wang X, Liu S, Zhang L, Huang R, Wang M, Yang
L, Chen S, et al. Health care professionals at risk of infection with Borna
disease virus - evidence from a large hospital in China (Chongqing).
Virol J. 2015;12(1):39.
118. Rauch SL, Dougherty DD, Cosgrove GR, Cassem EH, Alpert NM, Price
BH, Nierenberg AA, Mayberg HS, Baer L, Jenike MA, et al. Cerebral
metabolic correlates as potential predictors of response to anterior
cingulotomy for obsessive compulsive disorder. Biol Psychiatry.
2001;50(11704072):659–67.
119. Rauch SL, Savage CR, Alpert NM, Dougherty D, Kendrick A, Curran T,
Brown HD, Manzo P, Fischman AJ, Jenike MA. Probing striatal function

Page 14 of 14

in obsessive-compulsive disorder: a PET study of implicit sequence
learning. J Neuropsychiatry Clin Neurosci. 1997;9(4):568–73.
120. Eldridge LL, Engel SA, Zeineh MM, Bookheimer SY, Knowlton BJ. A dissociation of encoding and retrieval processes in the human hippocampus. J Neurosci. 2005;25(15800182):3280–6.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

