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a b s t r a c t
To determine the effect of the tolerogenic peptide hCDR1 on hippocampal neurogenesis, we treated SLE-afﬂicted
(NZBxNZW)F1 mice with hCDR1 (once a week for 10 weeks). The treatment resulted in the up-regulation of
neurogenesis in the dentate gyrus and restored the NeuN immunoreactivity in brain hippocampi of the mice in
association with increased gene expression of IGF-1, NGF and BDNF. Furthermore, hCDR1 treatment signiﬁcantly
up-regulated p-ERK and p-Akt that are suggested to be key components in mediating growth factor-induced
neurogenesis. The observed effects of hCDR1 on hippocampal-neurogenesis and on associated signaling
pathways suggest a potential role for hCDR1 in CNS lupus.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune
disease affecting different organ systems including the kidney, central
nervous system (CNS), joints, and skin (Hahn, 2006). The disease is
characterized by dysregulated T cell and B cell immune responses
(Nagy et al., 2005). Our laboratory designed a peptide, designated as
hCDR1, that is based on the sequence of the complementaritydetermining region (CDR) 1 of a human anti-DNA monoclonal
antibody (Waisman et al., 1995). Our previous studies demonstrated
that hCDR1 ameliorated the serological and clinical manifestations of
murine lupus that was either induced or spontaneously developed in
mice (Luger et al., 2004). Thus, hCDR1 down-regulated anti-dsDNA
autoantibody levels, proteinuria, and the formation of immune
complex deposits in the kidney resulting in better survival rates of
the treated mice (Luger et al., 2004). The beneﬁcial effects of hCDR1
were associated with a reduced production and expression of the
pathogenic cytokines (e.g. IL-1β, IFN-γ, TNF-α, and IL-10), whereas
the immunosuppressive cytokine TGF-β was up-regulated (Luger
et al., 2004). hCDR1 was shown to inhibit T cell receptor signaling
following its binding to class II major histocompatibility complex
(Sela et al., 2006). The induction of CD4 and CD8 regulatory T cells
plays a key role in the mechanism of action of hCDR1 (Sharabi et al.,
2006; Sharabi and Mozes, 2008). Further, hCDR1 was shown to
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decrease the rates of T cell apoptosis (Rapoport et al., 2005; Sharabi
et al., 2007). Treatment with hCDR1 affected the B cell compartment
as well. Thus, it diminished the rate of maturation and differentiation
of B cells by reducing the levels of B-cell-activating factor (BAFF), and
increasing B cell apoptosis (Parameswaran et al., 2009). Moreover,
treatment with hCDR1 inhibited the maturation of dendritic cells
(Sela et al., 2009).
CNS involvement in SLE leading to a neuropsychiatric disease
(NPSLE) is a debilitating consequence of this disease associated with
substantial morbidity and occasional mortality (van Dam, 1991).
Volume loss and structural abnormalities of the hippocampus were
observed in the different mouse models of lupus and correlated with
behavioral changes, similar to those observed in humans (Tomita
et al., 2004). Recently, we demonstrated cell inﬁltration, immune
complex deposits, gliosis, loss of neuronal nuclei (NeuN) immunoreactivity, and an altered cytokine proﬁle in the hippocampi of
(NZBxNZW)F1 mice with lupus (Lapter et al., 2009). Treatment with
hCDR1 ameliorated the CNS manifestations and improved the
behavioral performance of the mice with lupus (Lapter et al., 2009).
It has been suggested that brain inﬂammatory processes associated
with autoimmune diseases can interfere with neurogenesis and
contribute to impaired cognitive function (Monje et al., 2003). As the
hippocampus is the core center for learning and memory, it has been
hypothesized that there is an association between hippocampal
neurogenesis and hippocampal function related to speciﬁc aspects of
learning and memory (Leuner et al., 2004). A number of reports suggest
that SLE progression is associated with a widespread neuronal loss
(Appenzeller et al., 2006). The observed pathological changes including
hindered neuronal differentiation and increased neuronal death suggest
that the development of lupus induces neurodegenerative changes
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that involve impaired proliferative capacity of the brain (Stanojcic et al.,
2009).
Several mechanisms may explain these brain alterations. Neuroinﬂammation is reported to disrupt neurogenesis via increased proinﬂammatory cytokine expression and increased microglia activation
in the hippocampus. Stress hormones, chronically elevated in lupusdiseased mice, have also been shown to inhibit neurogenesis, and may
additionally account for impaired brain growth and regeneration
along the progression of autoimmune disease (Ballok, 2007). Elevated
levels of brain-reactive antibodies were detected in the serum or
cerebrospinal ﬂuid (CSF) of patients with NPSLE (Zandman-Goddard
et al., 2007; Tin et al., 2005). CSF from diseased MRL-lpr mice and from
a deceased SLE patient, with a history of psychosis, memory loss
and seizures, was reported to reduce viability of the C17.2 neural
stem cell line (Sakic et al., 2005). Further, dsDNA-speciﬁc antibodies
that cross-react with NR2, a subunit of the N-methyl-D-aspartate
receptor on neuronal cells, were shown to cause neuronal death in
vivo and in vitro (DeGiorgio et al., 2001). An additional subpopulation
of CNS-associated autoantibodies consists of the anti-ribosomalphosphoproteins (anti-Ribosomal-P). Indeed, intracerebroventricular
injection of afﬁnity puriﬁed anti-Ribosomal-P antibodies from a
patient with NPSLE into naïve mice resulted in a depression like
behavior in the injected mice (Katzav et al., 2007).
Various neurothropins, such as brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF), and growth factors such as
insulin-like growth factor-1 (IGF-1) and vascular endothelial growth
factor (VEGF) were reported to be involved in the mechanisms regulating hippocampal neurogenesis. Thus, BDNF has been intensively
studied and shown to increase hippocampal neurogenesis, and also to
be involved in learning and memory. NGF is involved in a multitude
of biological functions such as immune processes and peripheral tissue
regeneration. IGF-1 plays an important role in cell growth and development, promotes the generation of newborn cells, and up-regulates
the neurogenesis in adult hippocampus. Finally, VEGF, in addition to
regulating vasculogenesis and angiogenesis, also stimulates hippocampal cell proliferation, survival and neurogenesis (Balu and Lucki, 2009).
The action of these growth factors is associated with the activation of
several signal transduction pathways including extracellular-regulated
kinase (ERK) and protein kinase B (Akt) pathways (Johnson-Farley et al.,
2007). These kinases were reported to be required for mediating
growth factor-induced neurogenesis and neuroprotection (Brunet et al.,
1999; Hetman et al., 1999; Datta et al., 1999).
The objective of the present study has been to determine the status
of hippocampal neurogenesis in SLE-afﬂicted mice and to evaluate the
effect of treatment with hCDR1 on the latter. We report here that
treatment with hCDR1 up-regulated signiﬁcantly the reduced levels
of neurogenesis observed in mice with full-blown SLE. The
latter was associated with increased expression of IGF-1, NGF, and
BDNF whereas the expression of VEGF was not affected by hCDR1.
Furthermore, a signiﬁcant up-regulation in activated ERK and Akt,
suggested to be key components in mediating growth factor-induced
neurogenesis, was observed following treatment of SLE-afﬂicted mice
with hCDR1.
2. Materials and methods
2.1. Mice
Female (NZBxNZW)F1 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). Mice were handled according to the

protocols approved by the Weizmann Institute Animal Care and Use
Committee, using international guidelines.
2.2. Synthetic peptides and treatments
The synthetic peptide hCDR1 (Sthoeger et al., 2003), with a
sequence GYYWSWIRQPPGKGEEWIG that is based on the CDR1 of a
human monoclonal autoantibody (Waisman et al., 1995), was
synthesized at Polypeptide Laboratories (Torrance, CA). A peptide
containing the same amino acids as hCDR1, with a scrambled order
(SKGIPQYGGWPWEGWRYEI), designated scrambled peptide, was
used as a control. PBS (Dulbecco's phosphate buffer; Sigma-Aldrich,
UK) was used as a vehicle. Eight-month-old (NZBxNZW)F1 female
mice (n = 8–10/group) were treated subcutaneously with injections
of hCDR1, scrambled peptide (both at a dose of 50 μg per mouse), or
with the vehicle alone (PBS), once a week for 10 weeks.
2.3. Treatment with 5-Bromo-2-deoxyuridine (BrdU) and
immunochemistry
BrdU (Sigma), a thymidine analog that incorporates into the DNA
of dividing cells, was injected intraperitoneally (50 mg/kg body
weight) for the last 8 days (once a day) of treatment with hCDR1.
One day after the last injection of BrdU, the mice from all treatment
groups were deeply anesthetized and sacriﬁced by transcardial
perfusion with PBS. Brains were then postﬁxed in 4% paraformaldehyde, and cryoprotected with 15% sucrose solution in PBS. Serial
sagittal sections from the lateral 1.08–1.68 mm area were prepared.
Frozen cryostat sections (20 μm thick) were used (Leica CM 1850;
Leica, Nussloch, Germany).
For BrdU and NeuN immunochemistry, the earlier sections were
incubated in 2 M HCl for 30 min at 37 °C and rinsed in 0.1 M boric acid
pH 8.5 for 10 min. Sections were then incubated with the primary
antibodies, mouse anti-NeuN (1:200 Chemicon, Temecula, CA) and rat
anti-BrdU (1:200, Serotec, Düsseldorf, Germany) diluted in PBS
containing 2% BSA and 0.1% Triton X-100. After washing the secondary
antibodies, anti-mouse FITC (1:200, Jackson ImmunoResearch, West
Grove, PA) and biotinylated anti-rat (1:250, Chemicon) were used.
Cy3-conjugated streptavidin (1:1000, Jackson ImmunoResearch) was
added thereafter. Sections were analyzed with a ﬂuorescence
microscope (Nikon Eclipse E800) using Nikon ACT-1 software. Cell
counts were performed on 1–4 series of sagittal sections of the
dentate gyrus area in the hippocampi, by two examiners who were
blinded to the treatment groups.
2.4. RNA isolation and polymerase chain reaction (PCR)
Brain hippocampi were isolated from mice in the different groups.
Total RNA was extracted and pooled from the hippocampi of each
group. The RNA was prepared using PerfectPure RNA Cultured
Cell Kit-50 (Zotal, Biologicals & Instrumentation). Complementary
DNA was prepared and subjected to PCR, to detect changes in
gene expression. Primer sequences (forward and reversed, respectively) were used as follows: for IGF-1, 5-aatcccttccaaccagt-3, 5atcacccttggccttta-3; for NGF, 5-aaggacgcagctttct-3, 5-gctattggtgcagtaggg-3; for BDNF, 5-ggctggctctcttacc-3, 5-cagtttgaatgggaatc-3;
for VEGF, 5-tctcccagatcggtgac-3, 5-cggataaacagtagcaccaa-3; and for
β-actin, 5-gtgacgttgacatccg-3, 5-cagtaacagtccgcct-3. Each sample that
was ampliﬁed contained 1 μl cDNA, 12.5 μl Ready Mix for PCR (Bio-Lab
Ltd., Jerusalem, Israel), 9.5 μl DEPC water, and speciﬁc primer pairs.

Fig. 1. Treatment with hCDR1 up-regulates BrdU positive cells and restores NeuN immunoreactivity. (A) Representative images of the dentate gyrus (DG) region in SLE-afﬂicted
(NZBxNZW)F1 mice from the different treatment groups stained with BrdU (left panel), NeuN (middle panel) and the merged images for the double staining of both markers (right
panel). Insets show higher-magniﬁcation views (×40) of the boxed area. Bar 100 μm. (B) Mean numbers ± SEM of BrdU positive cells/section in the DG region for vehicle-treated
mice (n = 12), hCDR1-treated mice (n = 11), and scrambled peptide-treated mice (n = 11). *p = 0.008 and **p = 0.01. (C) Mean DG length (μm)/section for all mice mentioned in
(B). (D) Representative images of the DG region of healthy old (11 month old) BALB/c mice and young (2 month old) (NZBxNZW)F1 mice, stained with BrdU.
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The PCR was performed using Biometra® system (Tamar, Laboratory
Supplies, Ltd., Jerusalem, Israel) for 35 cycles. The PCR products
were separated by agarose electrophoresis to ensure the correct size.

3. Results

2.5. Quantitative real-time reverse transcription-PCR (RT-PCR)

In order to study whether treatment with hCDR1 results in
enhanced neurogenesis we injected BrdU to mice from all treatment
groups, as described in the Materials and methods. Fig. 1A shows the
representative images of sections of the hippocampi of individual
mice that were treated with the vehicle, hCDR1, or with the control
peptide (for 10 weeks starting at the age of 8 months). Fig. 1B
presents the mean of BrdU positive cell counts in the dentate gyrus
per section. Only rare BrdU positive cells could be detected in the
dentate gyrus region of vehicle and control peptide treated mice
(1.9 ± 0.4 and 2.2 ± 0.4 BrdU cell count/section, respectively).
However, in mice treated with hCDR1 a signiﬁcant up-regulation
(t21 = 2.9, p = 0.008 and t20 = 2.5, p = 0.001, respectively) of twofold in BrdU positive cells (4.2 ± 0.7) was observed in the dentate
gyrus region. Fig. 1C shows, for comparison, the mean dentate gyrus
length/section of mice of the three treatment groups. As can be
seen no signiﬁcant differences were observed in the mean length

Real-time RT-PCR was performed using the LightCycler system
(Roche, Basel, Switzerland), according to the manufacturer's instructions. The primer sequences used for IGF-1, NGF, BDNF, and β-actin
were as shown earlier. β-Actin levels were used to normalize samples
for calculation of the relative expression levels of the genes. The
results are expressed as percent relative to the vehicle treated group
(considered as 100%).

2.6. Western blot analysis
Lysates were extracted and pooled from the hippocampi of mice of
the different groups and protein concentrations of the lysates were
determined using the Bradford Protein Assay Reagent (Bio-Rad
Laboratories GmbH, Munich, Germany). The lysates were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, as
described previously (Sharabi et al., 2007). The membranes were
incubated with antibodies against total ERK and its phosphorylated
form (Santa Cruz Biotechnology, Santa Cruz, CA), and against total Akt
(Cell Signaling Technology, Inc., Danvers, MA) and phosphorylated
Akt (Biosource, Camarillo, CA). The membranes were washed and
incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Detection was performed using the
enhanced chemiluminescence method. Densitometric units were
determined using the NIH Image program.

3.1. Treatment with hCDR1 up-regulates BrdU positive cells and restores
the immunoreactivity for NeuN

2.7. Statistical analysis
Statistical analysis was performed using the paired two-tailed
Student's t-test and the Mann–Whitney U test using InStat software. p
values of less than 0.05 were considered signiﬁcant.

Fig. 2. Treatment with hCDR1 increases mRNA expression of IGF-1, NGF, and BDNF, but
not of VEGF in the hippocampi of (NZBxNZW)F1, SLE-afﬂicted mice. mRNA expression
was determined by polymerase chain reaction (PCR) in pooled mRNA samples of mice
from 3 groups: vehicle (n = 6/experiment), hCDR1 (n = 6/experiment), and scrambled
peptide-treated (n = 3/experiment). The results are representative of 3 experiments
performed. The expression of the various genes in the different groups is shown in
comparison to that of β-actin.

Fig. 3. Quantitative determination of mRNA levels of IGF-1, NGF, and BDNF. Results of
real-time RT-PCR for: (A) IGF-1, (B) NGF, and (C) BDNF gene expression. β-Actin levels
were used to normalize samples for calculation of the relative expression levels of the
genes. All data presented are based on 3 independent experiments and expressed as
mean percent ± SEM gene expression for hCDR1-treated mice (n = 17) and scrambled
peptide-treated mice (n = 11) relative to the vehicle-treated group (n = 18) that was
considered as 100%.
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between groups. Fig. 1D demonstrates representative images of
sections showing the dentate gyrus region in an aged matched
healthy BALB/c mouse and in a 2 month old (NZBxNZW)F1 mouse.
In accordance with the results shown in Fig. 1D, a mean of 13.5 ± 1.8
BrdU positive cells was counted in the dentate gyrus region of the
sections of 2 month old, free of disease, (NZBxNZW)F1 mice
(n = 12). On the other hand, in healthy age matched BALB/c mice
(n = 6) that were used as a control we detected a mean of 5.7 ± 2.1
BrdU positive cells in the dentate gyrus region, similar to the counts
determined for the hCDR1 treated, SLE-affected (NZBxNZW)F1 mice.
It is shown in Fig. 1A that in brain sections of vehicle and control
peptide treated mice the immunereactivity for NeuN was lost as
reported by us previously (Lapter et al., 2009). It can be seen in the
ﬁgure that treatment with hCDR1 restored the immunoreactivity
for NeuN and that the BrdU positive cells in the hippocampi of
mice treated with hCDR1 were stained positively for NeuN,
indicating that those BrdU positive cells were neurons.

3.2. Effect of hCDR1 on the expression of IGF-1, NGF, BDNF, and VEGF in
brain hippocampi of SLE-afﬂicted mice
Because neurogenesis was reported to be regulated by internal
growth factors including IGF-1, NGF, BDNF, and VEGF (Balu and Lucki,
2009) it was of importance to determine the effect of treatment
with hCDR1 on the expression of the latter factors. To this end we ﬁrst
examined gene expression of each of the factors by PCR in mRNA
prepared from brain hippocampi of mice that were treated with
hCDR1 as compared to those treated with vehicle alone or with the
control peptide. As can be seen in Fig. 2, the expression of IGF-1 and
NGF was markedly enhanced in the hippocampi of SLE-afﬂicted
mice, which were treated with hCDR1 in comparison to the very
low levels observed in brain hippocampi of mice that were treated
with the vehicle. Treatment with the scrambled control peptide
did not up-regulate the expression levels of these factors. Although,
the expression of BDNF was higher in mice treated with hCDR1
in comparison to both control groups, the differences in this case
were less prominent than in the case of IGF-1 and NGF (Fig. 2). It can
be seen in Fig. 2 that the gene expression of VEGF was similar in all
three examined groups.
Fig. 3 demonstrates the results of a quantitative analysis performed by real-time RT-PCR. Because no difference could be
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determined in the expression of VEGF measured by PCR for the 3
different treatment groups, suggesting that the latter factor is not
involved in the mechanism of action of hCDR1, real time RT-PCR was
performed only for IGF-1, NGF, and BDNF. The results shown in Fig. 3
that represents 4 experiments, conﬁrmed the observation by PCR that
treatment with hCDR1 signiﬁcantly increased the expression of IGF-1,
NGF, and BDNF in comparison to hippocampi of vehicle-treated mice
and of mice treated with the control peptide.
3.3. Treatment with hCDR1 stimulates activation of ERK and Akt kinases
in the hippocampi of SLE-afﬂicted mice
Since, ERK and Akt kinases were suggested to be involved in the
development of central nervous system diseases and to play an
important role in regulation of neurogenesis, mediated by growth
factors (Johnson-Farley et al., 2007), we determined whether upregulation of the three above mentioned factors, following treatment
with hCDR1, is associated with an increased activation of ERK and Akt
kinases in the hippocampi of the treated mice. Protein levels of
phosphorylated and total forms of ERK and Akt were measured in
brain hippocampi of hCDR1-treated mice and were compared to those
in the vehicle-treated group. Representative western blots that are
shown in Fig. 4A indicate the prominent up-regulation in both
phosphorylated ERK and Akt. Fig. 4B demonstrates the mean results of
3 experiments measured by densitometry and expressed relatively to
the control group of vehicle-treated mice (considered as 100%). The
results conﬁrm the signiﬁcant increase in the levels of activated pERK
and pAkt in the hippocampi of hCDR1-treated mice.
4. Discussion
The main ﬁndings of the present study are that treatment of SLEaffected (NZBxNZW)F1 mice with the tolerogenic peptide, hCDR1,
resulted in the up-regulation of neurogenesis in the dentate gyrus,
and restored the NeuN immunoreactivity in brain hippocampi of the
treated mice. The tolerogenic peptide up-regulated the gene expression of three factors that control neurogenesis, namely, IGF-1, NGF,
and BDNF whereas treatment with a control peptide had no such
effect. Also, protein levels of pERK and pAKT kinases were upregulated in brain hippocampi of the hCDR1-treated mice. These
results suggest that IGF-1, NGF, and BDNF-induced ERK and AKT

Fig. 4. Treatment with hCDR1 increases protein expression of pERK and pAkt kinases in brain hippocampi of (NZBxNZW)F1, SLE-afﬂicted mice. (A) Representative western blots of
ERK and Akt from vehicle-treated mice and hCDR1-treated mice. Results are representatives of 3 experiments performed. (B) Results based on densitometric units, indicating the
ratio of pERK to tERK and pAkt to tAkt. Data are expressed as mean percent ± SEM for hCDR1 (n = 17) relative to vehicle-treated mice (n = 16), considered as 100%.
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activation plays a role in the observed hCDR1 stimulated hippocampal
neurogenesis in the (NZBxNZW)F1 mouse model of lupus.
Minute numbers of BrdU-positive cells could be detected in the
dentate gyrus region of SLE-affected mice, however, the number of
the latter cells increased signiﬁcantly following treatment with
hCDR1 (Fig. 1). Further, the BrdU-positive cells in the treated mice
were neurons because these cells expressed NeuN as well (Fig. 1).
We showed that treatment with hCDR1 up-regulated the expression
of mainly IGF-1 and NGF, but also that of BDNF (Fig. 2). Neurotrophic
and growth factors are considered extracellular signals that are
essential for hippocampal adult neurogenesis (Calof, 1995; Kuhn
et al., 1997; Poo, 2001; Frielingsdorf et al., 2007). BDNF was shown
to be a regulator of neuronal survival and neurogenesis in the adult
brain (Lessmann et al., 2003), and it was reported to play a role
in multiple sclerosis (Aharoni et al., 2005b). Likewise, IGF-1
elicits neurogenesis in the adult hippocampus (Aberg et al., 2000).
In addition, NGF was described to be neuroprotective in autoimmune
conditions (Molnár and Bokk, 2006). Moreover, previous studies
indicated that NGF led to increased survival of neurons (Frielingsdorf
et al., 2007). Thus, the ability of hCDR1 to increase the production
of the neurotrophins and growth factors is likely to contribute to
the neurogenesis process.
In the present study we showed that treatment of SLE-affected
mice with the tolerogenic peptide resulted in up-regulated phosphorylation of ERK and AKT in the hippocampi of the treated mice
(Fig. 4). ERK and Akt kinases were reported to control neuron
formation and proliferation (Sung et al., 2007). Indeed, the results of
our study may suggest that ERK phosphorylation in the hippocampi of
hCDR1-treated mice could contribute to the neurogenesis associated
with up-regulation of IGF-1, NGF, and BDNF, as the latter three factors
were reported to promote ERK and AKT pro-survival pathways
(Johnson-Farley et al., 2007). Previous studies suggested that ERK,
that was expressed within the hippocampal region, could participate
in the regulation of behavior, synaptic plasticity and memory (Daw
et al., 2002; Duman et al., 2007). In agreement, our group reported
that the tolerogenic treatment of mice with SLE restored behavioral
dysfunction (Lapter et al., 2009). Thus, it is possible that hCDR1induced phosphorylation of ERK could play a role in the improved
behavioral performance either in association with neurogenesis or via
other mechanisms.
The signiﬁcance of ERK and AKT in neurogenesis can also be
exempliﬁed following the administration of different kinds of drugs.
For instance, it was shown that statins, which control the formation of
cholesterol, could induce neurogenesis through the phosphorylation
of ERK and AKT (Chen et al., 2003). Further, a mood stabilizer such
as valproate was demonstrated to promote neurogenesis via ERK
pathway-regulated Bcl-2 gene (Hao et al., 2004). Hence, the role of
hCDR1 in controlling the ERK signaling pathway in the hippocampi
of the diseased mice appears to be essential for the accomplishment
of neurogenesis.
Another pathway by which hCDR1 might affect a better survival of
neurons is due to the induction of Bcl-xL. We recently demonstrated
that gene expression and protein levels of the survival molecule Bcl-xL
were up-regulated in the hippocampi of SLE-affected mice in response
to treatment with hCDR1 (Lapter et al., 2009). In addition, inﬂammatory mediators were also suggested to affect neurogenesis. For
example, the pro-inﬂammatory cytokine IL-6 could interfere with
adult neurogenesis (Vallières et al., 2002). It was suggested that IL-6
repressed neurogenesis in the mature brain by acting directly on
hippocampal cells (Vallières et al., 2002), or indirectly by leading to
enhanced production of glucocorticosteroids (Turnbull and Rivier,
1999), which were reported to inhibit neurogenesis in the dentate
gyrus (Gould et al., 1992; Cameron and Gould, 1994). In accordance,
we demonstrated that treatment of SLE-affected (NZBxNZW)F1 mice
with hCDR1 led to diminished production of IL-6 in the hippocampi of
the treated mice (Lapter et al., 2009). BAFF is a TNF-like cytokine that

plays a role in peripheral B cell maturation and survival (Mackay et al.,
2005). It has been reported that BAFF-transgenic mice manifest
prominent neuropsychiatric signs (Mackay et al., 1999), and exhibit
reduced neurogenesis and altered emotional behavior (Crupi et al.,
2010). Recently, we showed that treatment of lupus-afﬂicted mice
with hCDR1 down-regulated BAFF production as well in association
with amelioration of the disease manifestations (Parameswaran et al.,
2009). It is therefore possible that the down-regulation of BAFF
production following treatment with hCDR1 contributed to the
increased neurogenesis observed in the hCDR1-treated, SLE-affected
mice.
Similarly to the tolerogenic peptide hCDR1 that affects neurogenesis in a mouse model of lupus, an approved drug for treating multiple
sclerosis, namely glatiramer acetate, was shown to promote neurogenesis in a mouse model of experimental autoimmune encephalomyelitis (Aharoni et al., 2005a). In their report, Aharoni and
colleagues showed that glatiramer acetate up-regulated neuronal
proliferation, migration, and differentiation. Thus, our ﬁndings
demonstrating neurogenesis induction by hCDR1 in mice with SLE
are supported by similar ﬁndings in regard to a different drug for an
autoimmune disease.
Altogether, the current study demonstrated that tolerogenic
treatment of SLE-affected mice with hCDR1 resulted in hippocampal
neurogenesis at least partially through the induction of growth and
neurotrophic factors, and the activation of ERK and AKT pro-survival
pathways. These ﬁndings suggest that hCDR1 may be a potential drug
for the treatment of neuropsychiatric SLE.
References
Aberg, M.A., Aberg, N.D., Hedbacker, H., Oscarsson, J., Eriksson, P.S., 2000. Peripheral
infusion of IGF-I selectively induces neurogenesis in the adult rat hippocampus.
J. Neurosci. 20, 2896–2903.
Aharoni, R., Arnon, R., Eilam, R., 2005a. Neurogenesis and neuroprotection induced by
peripheral immunomodulatory treatment of experimental autoimmune encephalomyelitis. J. Neurosci. 25, 8217–8228.
Aharoni, R., Eilam, R., Domev, H., Labunskay, G., Sela, M., Arnon, R., 2005b. The
immunomodulator glatiramer acetate augments the expression of neurotrophic
factors in brains of experimental autoimmune encephalomyelitis mice. Proc. Natl
Acad. Sci. USA 102, 19045–19050.
Appenzeller, S., Carnevalle, A.D., Li, L.M., Costallat, L.T., Cendes, F., 2006. Hippocampal
atrophy in systemic lupus erythematosus. Ann. Rheum. Dis. 65, 1585–1589.
Ballok, D.A., 2007. Neuroimmunopathology in a murine model of neuropsychiatric
lupus. Brain Res. Rev. 54, 67–79.
Balu, D.T., Lucki, I., 2009. Adult hippocampal neurogenesis: regulation, functional
implications, and contribution to disease pathology. Neurosci. Biobehav. Rev. 33,
232–252.
Brunet, A., Bonni, A., Zigmond, M.J., Lin, M.Z., Juo, P., Hu, L.S., Anderson, M.J., Arden, K.C.,
Blenis, J., Greenberg, M.E., 1999. Akt promotes cell survival by phosphorylating and
inhibiting a Forkhead transcription factor. Cell 96, 857–868.
Calof, A.L., 1995. Intrinsic and extrinsic factors regulating vertebrate neurogenesis. Curr.
Opin. Neurobiol. 5, 19–27.
Cameron, H.A., Gould, E., 1994. Adult neurogenesis is regulated by adrenal steroids in
the dentate gyrus. Neuroscience 61, 203–209.
Chen, J., Zhang, Z.G., Li, Y., Wang, Y., Wang, L., Jiang, H., Zhang, C., Lu, M., Katakowski, M.,
Feldkamp, C.S., Chopp, M., 2003. Statins induce angiogenesis, neurogenesis, and
synaptogenesis after stroke. Ann. Neurol. 53, 743–751.
Crupi, R., Cambiaghi, M., Spatz, L., Hen, R., Thorn, M., Friedman, E., Vita, G., Battaglia, F., 2010.
Reduced adult neurogenesis and altered emotional behaviors in autoimmune-prone
B-cell activating factor transgenic mice. Biol. Psychiatry 67, 558–566.
Datta, S.R., Brunet, A., Greenberg, M.E., 1999. Cellular survival: a play in three Akts.
Genes Dev. 13, 2905–2927.
Daw, M.I., Bortolotto, Z.A., Saulle, E., Zaman, S., Collingridge, G.L., Isaac, J.T., 2002.
Phosphatidylinositol 3 kinase regulates synapse speciﬁcity of hippocampal longterm depression. Nat. Neurosci. 5, 835–836.
DeGiorgio, L.A., Konstantinov, K.N., Lee, S.C., Hardin, J.A., Volpe, B.T., Diamond, B., 2001.
A subset of lupus anti-DNA antibodies cross-reacts with the NR2 glutamate
receptor in systemic lupus erythematosus. Nat. Med. 7, 1189–1193.
Duman, C.H., Schlesinger, L., Kodama, M., Russell, D.S., Duman, R.S., 2007. A role for MAP
kinase signaling in behavioral models of depression and antidepressant treatment.
Biol. Psychiatry 61, 661–670.
Frielingsdorf, H., Simpson, D.R., Thal, L.J., Pizzo, D.P., 2007. Nerve growth factor
promotes survival of new neurons in the adult hippocampus. Neurobiol. Dis. 26,
47–55.
Gould, E., Cameron, H.A., Daniels, D.C., Woolley, C.S., McEwen, B.S., 1992. Adrenal
hormones suppress cell division in the adult rat dentate gyrus. J. Neurosci. 12,
3642–3650.

A. Telerman et al. / Journal of Neuroimmunology 232 (2011) 151–157
Hahn, B.H., 2006. An overview of the pathogenesis of systemic lupus erythematosus, In:
Wallace, D.J., Hahn, B.H. (Eds.), Dubois' Lupus Erythematosus, 4th ed. Lippincott
Williams & Wilkins, Philadelphia, PA, pp. 46–53.
Hao, Y., Creson, T., Zhang, L., Li, P., Du, F., Yuan, P., Gould, T.D., Manji, H.K., Chen, G., 2004.
Mood stabilizer valproate promotes ERK pathway-dependent cortical neuronal
growth and neurogenesis. J. Neurosci. 24, 6590–6599.
Hetman, M., Kanning, K., Cavanaugh, J.E., Xia, Z., 1999. Neuroprotection by brainderived neurotrophic factor is mediated by extracellular signal-regulated kinase
and phosphatidylinositol 3-kinase. J. Biol. Chem. 274, 22569–22580.
Johnson-Farley, N.N., Patel, K., Kim, D., Cowen, D.S., 2007. Interaction of FGF-2 with IGF1 and BDNF in stimulating Akt, ERK, and neuronal survival in hippocampal cultures.
Brain Res. 1154, 40–49.
Katzav, A., Solodeev, I., Brodsky, O., Chapman, J., Pick, C.G., Blank, M., Zhang, W.,
Reichlin, M., Shoenfeld, Y., 2007. Induction of autoimmune depression in mice by
anti-ribosomal P antibodies via the limbic system. Arthritis Rheum. 56, 938–948.
Kuhn, H.G., Winkler, J., Kempermann, G., Thal, L.J., Gage, F.H., 1997. Epidermal growth
factor and ﬁbroblast growth factor-2 have different effects on neural progenitors in
the adult rat brain. J. Neurosci. 17, 5820–5829.
Lapter, S., Marom, A., Meshorer, A., Elmann, A., Sharabi, A., Vadai, E., Neufeld, A.,
Sztainberg, Y., Gil, S., Getselter, D., Chen, A., Mozes, E., 2009. Amelioration of brain
pathology and behavioral dysfunction in mice with lupus following treatment
with a tolerogenic peptide. Arthritis Rheum. 60, 3744–3754.
Lessmann, V., Gottmann, K., Malcangio, M., 2003. Neurotrophin secretion: current facts
and future prospects. Prog. Neurobiol. 69, 341–374.
Leuner, B., Mendolia-Loffredo, S., Kozorovitskiy, Y., Samburg, D., Gould, E., Shors, T.J.,
2004. Learning enhances the survival of new neurons beyond the time when the
hippocampus is required for memory. J. Neurosci. 24, 7477–7481.
Luger, D., Dayan, M., Zinger, H., Liu, J.P., Mozes, E., 2004. A peptide based on the
complementarity determining region 1 of a human monoclonal autoantibody
ameliorates spontaneous and induced lupus manifestations in correlation with
cytokine immunomodulation. J. Clin. Immunol. 24, 579–590.
Mackay, F., Woodcock, S.A., Lawton, P., Ambrose, C., Baetscher, M., Schneider, P.,
Tschopp, J., Browning, J.L., 1999. Mice transgenic for BAFF develop lymphocytic
disorders along with autoimmune manifestations. J. Exp. Med. 190, 1697–1710.
Mackay, F., Sierro, F., Grey, S.T., Gordon, T.P., 2005. The BAFF/APRIL system: an important
player in systemic rheumatic diseases. Curr. Dir. Autoimmun. 8, 243–265.
Molnár, I., Bokk, A., 2006. Decreased nerve growth factor levels in hyperthyroid Graves'
ophthalmopathy highlighting the role of neuroprotective factor in autoimmune
thyroid diseases. Cytokine 35, 109–114.
Monje, M.L., Toda, H., Palmer, T.D., 2003. Inﬂammatory blockade restores adult
hippocampal neurogenesis. Science 302, 1760–1765.
Nagy, G., Koncz, A., Perl, A., 2005. T- and B-cell abnormalities in systemic lupus
erythematosus. Crit. Rev. Immunol. 25, 123–140.
Parameswaran, R., Ben David, H., Sharabi, A., Zinger, H., Mozes, E., 2009. B-cell activating
factor (BAFF) plays a role in the mechanism of action of a tolerogenic peptide that
ameliorates lupus. Clin. Immunol. 131, 223–232.
Poo, M.M., 2001. Neurotrophins as synaptic modulators. Nat. Rev. Neurosci. 2, 24–32.
Rapoport, M.J., Sharabi, A., Aharoni, D., Bloch, O., Zinger, H., Dayan, M., Mozes, E., 2005.
Amelioration of SLE-like manifestations in (NZBxNZW)F1 mice following treatment with a peptide based on the complementarity determining region 1 of an

157

autoantibody is associated with a down-regulation of apoptosis and of the proapoptotic factor JNK kinase. Clin. Immunol. 117, 262–270.
Sakic, B., Kirkham, D.L., Ballok, D.A., Mwanjewe, J., Fearon, I.M., Macri, J., Guanhua, Y.,
Sidor, M.M., Denburg, J.A., Szechtman, H., Lau, J., Ball, A.K., Doering, L.C., 2005.
Proliferating brain cells are a target of neurotoxic CSF in systemic autoimmune
disease. J. Neuroimmunol. 169, 68–85.
Sela, U., Dayan, M., Hershkoviz, R., Cahalon, L., Lider, O., Mozes, E., 2006. The negative
regulators Foxj1 and Foxo3a are up-regulated by a peptide that inhibits systemic
lupus erythematosus-associated T cell responses. Eur. J. Immunol. 36, 2971–2980.
Sela, U., Sharabi, A., Dayan, M., Hershkoviz, R., Mozes, E., 2009. The role of dendritic cells
in the mechanism of action of a peptide that ameliorates lupus in murine models.
Immunology 128, e395–e405.
Sharabi, A., Mozes, E., 2008. The suppression of murine lupus by a tolerogenic peptide
involves foxp3-expressing CD8 cells that are required for the optimal induction and
function of foxp3-expressing CD4 cells. J. Immunol. 181, 3243–3251.
Sharabi, A., Zinger, H., Zborowsky, M., Sthoeger, Z.M., Mozes, E., 2006. A peptide based
on the complementarity-determining region 1 of an autoantibody ameliorates
lupus by up-regulating CD4+ CD25+ cells and TGF-beta. Proc. Natl Acad. Sci. USA
103, 8810–8815.
Sharabi, A., Luger, D., Ben-David, H., Dayan, M., Zinger, H., Mozes, E., 2007. The role
of apoptosis in the ameliorating effects of a CDR1-based peptide on lupus
manifestations in a mouse model. J. Immunol. 179, 4979–4987.
Stanojcic, M., Burstyn-Cohen, T., Nashi, N., Lemke, G., Sakic, B., 2009. Disturbed
distribution of proliferative brain cells during lupus-like disease. Brain Behav.
Immun. 23, 1003–1013.
Sthoeger, Z.M., Dayan, M., Tcherniack, A., Green, L., Toledo, S., Segal, R., Elkayam, O.,
Mozes, E., 2003. Modulation of autoreactive responses of peripheral blood
lymphocytes of patients with systemic lupus erythematosus by peptides based
on human and murine anti-DNA autoantibodies. Clin. Exp. Immunol. 131, 385–392.
Sung, S.M., Jung, D.S., Kwon, C.H., Park, J.Y., Kang, S.K., Kim, Y.K., 2007. Hypoxia/
reoxygenation stimulates proliferation through PKC-dependent activation of ERK
and Akt in mouse neural progenitor cells. Neurochem. Res. 32, 1932–1939.
Tin, S.K., Xu, Q., Thumboo, J., Lee, L.Y., Tse, C., Fong, K.Y., 2005. Novel brain reactive
autoantibodies: prevalence in systemic lupus erythematosus and association with
psychoses and seizures. J. Neuroimmunol. 169, 153–160.
Tomita, M., Khan, R.L., Blehm, B.H., Santoro, T.J., 2004. The potential pathogenetic link
between peripheral immune activation and the central innate immune response
in neuropsychiatric systemic lupus erythematosus. Med. Hypotheses 62, 325–335.
Turnbull, A.V., Rivier, C.L., 1999. Regulation of the hypothalamic–pituitary–adrenal axis
by cytokines: actions and mechanisms of action. Physiol. Rev. 79, 1–71.
Vallières, L., Campbell, I.L., Gage, F.H., Sawchenko, P.E., 2002. Reduced hippocampal
neurogenesis in adult transgenic mice with chronic astrocytic production of
interleukin-6. J. Neurosci. 22, 486–492.
van Dam, A.P., 1991. Diagnosis and pathogenesis of CNS lupus. Rheumatol. Int. 11, 1–11.
Waisman, A., Shoenfeld, Y., Blank, M., Ruiz, P.J., Mozes, E., 1995. The pathogenic human
monoclonal anti-DNA that induces experimental systemic lupus erythematosus in
mice is encoded by a VH4 gene segment. Int. Immunol. 7, 689–696.
Zandman-Goddard, G., Chapman, J., Shoenfeld, Y., 2007. Autoantibodies involved in
neuropsychiatric SLE and antiphospholipid syndrome. Semin. Arthritis Rheum. 36,
297–315.

