
(Inset: a representative photograph of dendrites with deteriorating spines in the MRL-lpr neuron.)

Fig. 2. Drawing of a representative pyramidal neuron from the parietal cortex (Par 1) of a MRL + / + (left) and MRL-lpr mouse (right). Apical (A).
basilar medial (B) and basilar terminal dendritic segments (C) are shown with a typical spine distribution.

drites such that branches originating at the cell body were
first order, after one bifurcation, second order, and so on.
Branch order was determined for the apical dendrites such

that branches originating from the primary apical dendrite
were forst order and so on. Dendritic branching in CAI
region was not measured because hippocampal neurons



ˇ ( )B. Sakic et al.rJournal of Neuroimmunology 87 1998 162–170´ 167

Fig. 5. Measures of spine density on dendrites of pyramidal neurons in
CA1 hippocampal field of MRL-lpr and MRL qrq control mice at two
ages. Bars are the mean"SEM of both hemispheres. Density refers to
mean number of spines per 10 mm branch.

by branch order interaction: F s2.251, ps0.05 at 56,60

weeks, and F s2.39, ps0.039 at 14 weeks, Fig. 3;6,60

number of Sholl crossings: for substrain, F s6.03, ps1,8

Fig. 6. Illustration of reduced cell density in the parietal cortex of a
Ž .14-week old MRL-lpr mouse left compared to an age-matched MRL

Ž .qrq control right .

Table 2
Indices of systemic autoimmune disease in MRL mice at 5 and 14 weeks

Ž .of age mean"SEM

Measure Group

MRL-lpr MRL qrq

5 weeks 14 weeks 5 weeks 14 weeks

Ž .ANA titer log 5.0"0 11.7"0.7 1.3"1.3 4.0"02

Relative proteinuria 3.0"1 4.0"1.0 2.0"0 2.0"1
Ž .Hematocrit % 49.0"1 43.0"1 50.0"1 50.0"1

A multivariate ANOVA showed a significant main effect of substrain
Ž . Ž .ps0.003 and age ps0.001 , and a significant substrain by age

Ž .interaction ps0.033 .

.0.04, Table 1 . The apical dendrites did show however a
Žsubstantial loss of spines for substrain, F s13.68, ps1,8

.0.006, Fig. 4 . In contrast to basilar dendrite changes, there
was no significant substrain by age interaction for any
measure of apical dendrite morphology, suggesting that the
observed differences between MRL-lpr and MRL qrq
controls were not age-related.

In terms of sheer magnitude and robustness, the biggest
difference between MRL-lpr and MRL qrq mice in
dendritic morphology was present in the CA1 region of the
hippocampus. As shown in Fig. 5, the density of spines on
apical dendrites in the hippocampus of MRL-lpr mice was

Ž80–83% of the control density for substrain, F s426.7,1,7
. Žp-0.001 at 14 and 5 weeks of age for substrain by age,

.F s4.37, ps0.075 . MRL-lpr mice had significantly1,7

fewer spines also on the basilar pyramidal dendrites in the
Žhippocampus for substrain: order III segment, F s7.34,1,7

.ps0.03; order IV segment, F s14.88, ps0.006 , but1,7

the magnitude of this loss was about 5%.
Although for the present study the number of cortical

neurons in the two substrains was not compared quantita-
Žtively, nevertheless, visual inspection of the slides Cresyl

.violet stain indicated substantially fewer cells in the pari-
etal cortex of MRL-lpr mice. An example of the apparent
cell loss in MRL-lpr mice is shown in Fig. 6.

ŽAs shown in Table 2, indices of autoimmunity pres-
ence of serum anti-nuclear antibodies, proteinuria, and

.lower hematocrit confirmed that in comparison to MRL
qrq congenic controls, MRL-lpr mice suffered from a

ˇŽ .more severe lupus-like disease Sakic et al., 1994, 1992 .´

4. Discussion

The present study found a shrinkage of dendritic ar-
borization and loss of dendritic spines in parietal and
hippocampal pyramidal neurons of MRL-lpr mice. This
atrophy showed relative selectivity for basilar vs. apical
dendrites; was relatively large in magnitude; was evident
from the earliest age examined; and had an agerdisease-
related course. These four aspects of dendritic atrophy are
discussed below in reverse order.
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The number of basilar dendrite branches in the parietal
cortex of MRL-lpr mice showed a pattern of atrophy that
was statistically greater at 14 than at 5 weeks of age. A

Ž .similar trend p-0.08 existed for the density of spines
on the terminal segments of basilar dendrites in the cortex
and for the density of spines on apical dendrites in the
hippocampus. Brain weight of MRL-lpr mice was reduced
at 14 but not at 5 weeks of age. It is possible that this
pattern reflects a disease-related atrophic process because
of the progressive and marked activation of the immune

ˇŽsystem in MRL-lpr mice from 5 to 14 weeks of age Sakić
.et al., 1993 . However, the study does not eliminate the

possibility that the observed phenomenon reflects an age-
related process of maturation independent of
autoimmunerinflammatory factors, and therefore further
experiments will be needed to resolve this issue.

Contrary to our expectations, evidence of dendritic atro-
phy was present in MRL-lpr mice as early as 5 weeks of
age, when signs of autoimmune disease are sparse. This
finding may indicate an inherent difference in brain mor-
phology between the MRL-lpr and MRL qrq substrains,

Ž .a lack of dendritic growth factor s , or an early immune-
endocrine imbalance. Specifically, as early as 3 weeks of
age and throughout much of their life, MRL-lpr mice
exhibit elevated levels of the pro-inflammatory and neu-

Ž . Ž .roactive cytokine interleukin-6 IL-6 Tang et al., 1991 ;
there is also overexpression of IL-6 mRNA in adult MRL-

Ž .lpr brain Tsai et al., 1995 . Considering neuroactive ef-
Žfects of IL-6 reviewed in the works of Plata-Salaman

Ž . Ž ..1991 and Schobitz et al. 1994 , and the presence of
IL-6 mRNA and IL-6 receptors in the pyramidal layer of

Žthe rodent hippocampus and cortex Schobitz et al., 1993;
.Gadient and Otten, 1994; Pousset, 1994 , we hypothesize

that chronic IL-6 production is an early, principal factor
ˇŽwhich alters brain morphology and behavior Sakic et al.,´

.1997a . This effect can be mediated either indirectly, via
sustained activation of the pituitary–adrenal axis, by some
direct effect on brain metabolismrneurotransmission, or
both. With regard to the indirect route, it is known that

ŽIL-6 induces release of ACTH and corticosteroids Naitoh
.et al., 1988; Mastorakos et al., 1993; Stith and Luo, 1994 ,

that the basal levels of serum corticosterone are elevated in
Ž .MRL-lpr mice Hu et al., 1993; Lechner et al., 1996 , and

that chronic exposure to endogenous or exogenous cortico-
Žsterone produces dendritic atrophy reviewed in the work

Ž ..of McEwen et al. 1992 . Thus, similarly, an IL-6-driven,
chronically ‘hyperactive’ pituitary–adrenal axis may lead
to dendritic atrophy in MRL-lpr mice. With regard to the
direct route, chronic exposure of brain cells to IL-6 may
result in a cytotoxicity, as suggested by reduced dendritic
complexity in transgenic mice overexpressing IL-6 in the

Ž .brain Campbell et al., 1993; Steffensen et al., 1994 .
Although systemic IL-6 does not normally enter the brain,
the progression of lupus-like disease is associated with a

Žcompromised blood–brain barrier Hoffman and Harbeck,
.1989; Vogelweid et al., 1991 . This may facilitate the entry

of IL-6 from the periphery and its release from lymphoid
Žcells infiltrated into the choroid plexus Vogelweid et al.,

. Ž .1991 and brain parenchyma Farrell et al., 1997 . Con-
ceivably, both direct and indirect mechanisms may be
operative to different extent at different ages, accounting
for the potentiation of the neurodegenerative process in
older MRL-lpr mice.

The magnitude of dendritic atrophy in MRL-lpr mice
was striking, compared to changes induced by such manip-
ulations as restraint stress, varying hormone levels, or even
unilateral devascularizing cortical lesions which result in a

Ž15% decrease in dendritic branching and spines Kolb et
.al., 1997b . In contrast, in the present study, dendritic

atrophy in MRL-lpr mice measured as high as 20%. Such
loss appears comparable to the changes described for

Žhuman brains of patients with mental retardation Jay et
. Žal., 1991 , Alzheimer’s disease el Hachimi and Foncin,

. Ž1990; Einstein et al., 1994 , and AIDS Masliah et al.,
.1992 . Aged rodents show a similar degree of dendritic

spine loss in the hippocampus compared to young rats
Ž .Lolova, 1989 . Reduced dendritic arborization results in
synaptic loss, and it has been suggested that cognitive
decline in aging and disease is related to degree of synap-

Žtic loss Scheibel et al., 1975; Landfield et al., 1992;
.Anderson and Rutledge, 1996; Scheff et al., 1997; . Con-

sidering that IL-6 is also high in the cerebrospinal fluid of
aged humans, and of patients with Alzheimer’s disease and

ŽAIDS dementia Perrella et al., 1992b,a; Ershler, 1993;
.Ershler et al., 1994; Dickson et al., 1996 , it is possible

that similar ongoing autoimmunerinflammatory process
induces dendritic pathology and behavioral changes in
these conditions and in autoimmune mice.

Finally, it is noteworthy that an agerdisease potentia-
tion of dendritic atrophy in the cortex was selective to
basilar over apical dendrites, where there was an accelera-
tion in the reduction of basilar dendrite branching, as well
as in the loss of spines on terminal segments. An opposite
selectivity was evident in the CA1 region of the hippocam-
pus, where loss of spines followed an agerdisease-related
course for apical but not basilar dendrites. Select changes
in one but not another dendritic region have been observed

Ž .before e.g., Woolley et al., 1990b , and are consistent
with the notion that the morphologicrfunctional character-

Žistics of dendrites are not homogenous Harris and Kater,
.1994 . Other brain regions of MRL mice will need to be

examined, however, to identify the common attributes of
the selective atrophy, and in particular whether it repre-
sents the loss of specific neural connections, or reflects the
topographic distribution of a unique dendritic property, or
both.

In summary, the present findings show that in the
parietal cortex and the hippocampus of lupus-prone MRL-
lpr mice, the dendritic complexity of pyramidal neurons is
strikingly reduced compared to MRL qrq controls. Such
atrophy is evident already at 5 weeks of age but becomes
greater at 14 weeks of age, when serologic signs of
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autoimmune disease are florid in MRL-lpr mice. The loss
of dendritic complexity and reduced brain weight may
represent, at least in part, a morphological basis for the
altered behavioral profile of MRL-lpr mice.
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