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Neurotransmitter abnormalities in Borna disease
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Borna disease (BD) agent is an infectious pathogen that causes progressive central nervous system (CNS) dysfunction in a wide
range of vertebrate hosts. The course of BD in adult rats is biphasic. The acute phase is characterized by aggressive behavior and in-
flammatory cell infiltrates in brain. With chronic infection animals become listless and inflammation resolves. BD antigens are similar-
ly distributed in neurons in hippocampus, neocortex, cerebellum and brainstem in acutely and chronically infected animals. We have
recently examined brain levels of neuronal transcripts in rats with aciite and chronic BD. Levels for 3 of these mRNAs, cholecystoki-
nin, glutamic acid decarboxylase and somatostatin, were decreased in acutely infected rats and increased toward control values in
chronically infected rats. A fourth transcript, MuBr8, correlated in distribution with BD antigen, was persistently decreased through-
out the course of infection. These data may have implications for understanding the pathogenesis of neurologic disturbances in BD

and other inflammatory CNS diseases.

Mammals infected with a variety of central nervous
system (CNS) pathogens have neurologic dysfunc-
tion and abnormal levels of activity for enzymes asso-
ciated with synthesis or degredation of neurotrans-
mitters®310:11.23:26.3 We have recently shown that vi-
ral infections can selectively alter behavior and steady
state brain levels of neurotransmitter mRNAs*.
These findings have prompted us to look for infec-
tious agents which can be used as probes to map ana-
tomic and functional domains in the CNS.

Borna disease (BD) agent is a poorly character-
ized infectious pathogen with tropism for limbic sys-
tem neurons. Though BD is a natural infection only
in sheep™ and horses!®%, intracerebral or peripheral
inoculation of BD infected brain homogenates into
rodents®17-20-22:25.28.29.33 and primates®?22>% Jeads to
accumulation of BD antigens in hippocampal neu-
rons and prominent behavioral disturbances. In rats,
the onset of BD is heralded by hyperactivity, aggres-
sion and in most cases, ataxia (acute phase). This co-
incides with the appearance of BD antigens in hippo-
campal CA3 pyramidal neurons. Within several

days, brains of infected animals show inflammatory
cellular infiltrates and BD antigens in neurons
throughout hippocampus, layers 4 and 5 of cortex,
deep cerebellar nuclei and brainstem. The acute
phase lasts 2—4 weeks and is followed by listlessness
and less frequently, by paralysis and obesity (chronic
phase). Brains of chronically infected rats show reso-
lution of inflammation in spite of a similar distribu-
tion of BD antigens to that seen in acutely infected
animals®?%%, In an effort to explore the neurochemi-
cal basis for neurologic dysfunction in BD we have
examined steady state brain levels of mRNA for 4
neuronal products in acutely and chronically infected
rats.

Four- to 6-week-old inbred male Lewis rats
(Charles River, Wilmington, MA) were inoculated
intracerebrally with 10° tissue culture infectious
doses of BD agent and sacrificed in the acute or
chronic phase of BD (4 or 8 weeks following inocula-
tion, respectively)’. Individual brains from acutely
infected, chronically infected or uninfected (control)
animals were removed for RNA extraction by homo-
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genization in guanidinium isothiocyanate and centri-
fugation through cesium chloride. RNA concentra-
tion and purity was assayed through optical density
measurements and pilot hybridization experiments
with a probe to 28S ribosomal RNA?*. Ten ug ali-
quots of brain RNA from individual animals were
slot blotted, fixed to nitrocellulose membranes and
serially hybridized with 32P-labeled cDNA probes to
detect mRNAs for two peptide neurotransmitters,
cholecystokinin (CK)° and somatostatin (SOM)'*,
the enzyme glutamic acid decarboxylase (GAD)?
which synthesizes the inhibitory amino acid neuro-
transmitter y-aminobutyric acid (GABA), MuBr8
(ref. 4), which encodes a CNS-restricted axonal
membrane associated 25 kDa protein and actin’, an
ubiquitous pol II transcript not confined to neurons.
Probes to CK, GAD and SOM were selected for two
reasons. First, reduced CNS concentrations of CK,
GAD, SOM and associated markers have been re-
ported in human disorders characterized by altered
behavior including Alzheimer’s disease, Hunting-
ton’s disease, schizophrenia and bipolar affective dis-
orders!?31:3435%37_ Second, mice persistently infected
with lymphocytic choriomeningitis virus have abnor-
mal behavior and reduced whole brain levels of SOM
mRNA yet normal brain levels of CK mRNA?*, The
probe to MuBr8 was chosen because in situ hybridi-
zation studies in rat brain have demonstrated that
this transcript, like BD antigens in infected rats, is
concentrated in neurons in hippocampus, layers 4
and 5 of neocortex, deep cerebellar nuclei and brain-
stem*. Following autoradiography, hybridization sig-
nals for individual slots (animals) were quantitated
by scanning films with a laser densitometer (LKB,
Sweden). The values obtained were used to deter-
mine the mean and standard error of hybridization
signal with each probe for each group of animals. Dif-
ferences in mean hybridization were determined by
unpaired Student’s t-test. Ten ug aliquots of rat
spleen RNA were used in slot blot experiments as
controls for the specificity of neuronal cDNA probe
hybridization.

Fig. 1 is a composite of slot blot experiments with
brain RNA extracted from 6 uninfected, 6 acutely in-
fected and 6 chronically infected animals. Each slot
along the vertical axis represents RNA from an indi-
vidual animal which has been hybridized in sequence
with probes to CK, GAD, SOM, MuBr8 and actin.
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Fig. 1. Slot blot analysis of brain RNA extracted from rats with
acute or chronic Borna disease. Whole brains were homog-
enized in guanidinium isothiocyanate and centrifuged over ce-
sium chloride gradients. RNA was quantitated spectrophoto-
metrically and normalized to 28S ribosomal RNA concentra-
tion in pilot hybridization experiments. Ten ug aliquots of
RNA from individual uninfected, acutely infected or chronical-
ly infected rats were applied to slots and fixed to a nitrocellu-
lose membrane. Membranes were hybridized in sequence for
autoradiography with ¥P-labeled cDNA probes to cholecysto-
kinin (CK), glutamic acid decarboxylase (GAD), somatostatin
(SOM), murine brain 8 (MuBr8) and actin.

The reproducibility with which BD agent affected
whole-brain levels of each mRNA species is indi-
cated by the consistency of hybridization signal seen
with each probe for each group of uninfected, acutely
infected or chronically infected rats. Qualitatively
similar data was obtained from northern blot hybridi-
zations of size fractionated RNA, revealing a single
appropriately sized transcript for each mRNA
probed (not shown). Densitometric and statistical
analysis of larger cohorts of animals (8 uninfected, 8
acutely infected and 8 chronically infected rats) is
shown in Table 1. Brain levels of three of these
mRNAs, CK, GAD, and SOM dropped dramatically
with acute infection and returned toward normal with
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TABLE 1

Hybridization of neuronal probes to brain RNA extracted from
rats with Borna disease

Densitometric measurements of slot blot autoradiographs from
hybridization experiments with RNA extracted from brains of
uninfected control rats, rats with acute or chronic Borna dis-
case and probes to cholecystokinin, glutamic acid decarboxyl-
ase (GAD), somatostatin, MuBr8 and actin. (See legend for
Fig. 1.) Values are given in arbitrary densitometric units as
mean + S.E.M. Parentheses indicate percentage of control
(uninfected). Data analyzed by unpaired Student’s r-test.
GAD, glutamic acid decarboxylase.

Probe Control Acutely Chronically
(n=24) infected infected
(n=38) (n=28)
Cholecystokinin  0.846+0.131 0.183£0.012 0.415+0.066
(25)" (68)*
GAD 0.529+0.069 0.221+0.017 0.366+0.053
(36)" (68)**
Somatostatin 0.856+0.144 0.261+0.023 0.667£0.074
(26)* (88)***
MuBr8 0.971£0.141 0.21940.031 0.250+0.042
(23)* (26)
Actin 0.356+0.069 0.291+0.033 0.325+0.044
(80)*** (97)***

*P < 0.002, **P < 0.02, ***P not significant.

chronic infection. In contrast, levels of MuBr§
mRNA were persistently decreased. Acutely in-
fected animals showed a mean reduction in whole
brain levels of two neurotransmitter mRNAs, CK
and SOM, to 25% of control values (P < 0.002).
Mean brain levels of mRNA for the neurotransmitter
synthesis enzyme GAD were decreased to 36% of
control values (P < 0.002). MuBr8 mRNA levels
were decreased to 23% of control values (P < 0.002).
In chronically infected rats, mean neurotransmitter
(CK and SOM) and neurotransmitter-related
(GAD) mRNA levels returned toward normal: CK
and GAD mRNA levels were 68% of control values;
SOM mRNA levels were not significantly different
from levels in uninfected animals. In contrast, mean
levels for MuBr8 mRNA remained depressed (26%'
of control values; P < 0.002). Actin mRNA levels in
acutely and chronically infected animals did not dif-
fer significantly from control animals (Table I).
Spleen RNA showed no hybridization signal with
probes to CK, GAD, SOM or MuB18, although the
level of actin probe hybridization was comparable to
that seen with brain RNA.

Inoculation of neonatal rats with BD agent results

in persistent CNS infection without inflammation or
neurologic defects in spite of BD antigen immunore-
activity in distribution identical to that described in
rats infected as adults®. In order to separate the di-
rect effects of BD infection from effects mediated by
immune response to infection, we examined brain
levels of SOM, MuBr8 and actin mRNAs in six 4-
month-old rats infected with BD as neonates. Levels
of these mRNAs in neonatally infected animals were
no different than in uninfected littermate controls
(not shown).

Rats infected with BD agent have a biphasic neu-
rologic illness. Aggression and hyperactivity in the
first phase is attended by prominent inflammatory
cell infiltration throughout the CNS. Inflammation
resolves with loss of neuropil during the clinically de-
pressive second phase of the illness>??. We have
now shown that these biphasic disturbances in behav-
ior and histology are mirrored by abnormalities in
steady state levels of three neuronal mRNAs, CK,
GAD, and SOM. Levels of each of these transcripts
were profoundly depressed in acute infection but re-
turned toward normal in chronic infection. In con-
trast, brain levels of MuBr8 mRNA were reduced
during both the acute and chronic phases of the dis-
ease. The finding that brain actin mRNA levels were
not altered in either the acute or the chronic phase of
BD, implies that the effects of infection were not gen-
eralized but were instead, restricted to subpopula-
tions of cells within the CNS.

The mechanism(s) by which BD agent causes neu-
rologic dysfunction and abnormalities in brain levels
of neuronal mRNAs is probably different in acute
and chronic phases of infection and may reflect the
presence or absence of inflammation. Inflammation
is associated with a myriad of soluble factors includ-
ing glucocorticoids and polypeptides which could af-
fect either the rate of transcription or the stability of
neuronal mMRNAs"*!%. Rates of transcription for sev-
eral rat genes including albumin, transthyretin, a,-
microglobulin and a,-inhibitor 111 are decreased in
vivo by acute inflammation'*!%2_ In addition, tran-
scription in vitro of prolactin' and somatostatin® is
down-regulated by glucocorticoids. In this model
then, with resolution of inflammation in chronically
infected animals, mRNA levels would reflect only
neuronal loss due to immune mediated cytopatholo-
gy. The patterns of neuronal mRNA disturbance in



BD fit this model. Neurotransmitter-associated
mRNAs (CK (R. Haun and J. Dixon, personal com-
munication), GAD (D. Kaufman and A. Tobin, per-
sonal communication), and SOM?), which decrease
in acutely infected animals and rise again in chroni-
cally infected animals are all inducible in vitro
through activation of adenylate cyclase. In contrast,
MuBr8 mRNA, which shows no biphasic disturbance
in BD, may be constitutive in its regulation (M.C.
Wilson, unpublished observations). Depression of
MuBr8 mRNA levels in rats with BD likely reflects
direct tropism of the BD agent for regions that con-
tain a high steady-state level of this transcript. Un-
derstanding how inflammation effects these neuro-
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chemical disturbances, the basis for BD agent tro-
pism for select brain regions and for its overlap in dis-
tribution with MuBr8 and finally, the characteriza-
tion of this novel infectious pathogen will be foci for
future work.

We thank R. Rott for the original stock of BD
agent used in these studies, P. Southern for thought-
ful discussions and D. Nolin for manuscript prepara-
tion. This study was performed with permission from
the U.S. Department of Agriculture and was sup-
ported by USPHS Grants NS01026, NS12428,
NS23038, NS23100-03, NS23039, NS07000 and
NS21916 from the NINCDS.

K), Neurosci. Lett., 51 (1984) 37-42.

11 Elizan, T.S., Maker, H. and Yahr, M.D., Neurotransmit-
ter synthesizing enzymes in experimental viral encephalitis,
J. Neural Transm., 57 (1983) 139-147.

12 Ferrier, I.N., Cros, T.J., Farmery, S.M., Roberts, G.W.,
Owen, F., Adrian, T.E. and Bloom, S.R., Reduced chole-
cystokinin levels in the limbic lobe in schizophrenia. A
marker for pathology underlying the defect state, Ann.
N.Y. Acad. Sci., 448 (1985) 495-506.

13 Fey, G.H. and Fuller, G.M., Regulation of acute phase
gene expression by inflammatory mediators, Mol. Biol.
Med., 4 (1987) 323-338.

14 Goodman, R.A., Aron, D.C. and Roos, B.A., Rat pre-
prosomatostatin, J. Biol. Chem., 258 (1983) 5570-5573.

15 Gordon, A.H. and Koj, A., The Acute Phase Response to
Injury and Infection, Elsevier, Amsterdam, 1985.

16 Gosztonyi, G. and Ludwig, H., Borna disease of horses. An
immunohistological and virological study of naturally in-
fected animals, Acta Neuropathol., 64 (1984) 213-221.

17 Herzog, S., Kompter, C., Freese, K. and Rott, R., Repli-
cation of Borna disease virus in rats: age-dependent differ-
ences in tissue distribution, Med. Microbiol. Immunol., 173
(1984) 171-177.

18 Herzog, S., Wonigeit, K., Frese, K., Hedrich, H.J. and
Rott, R., Effect of Borna disease virus infection on athymic
rats, J. Gen. Virol., 66 (1985) 503-508.

19 Hirano, N., Kao, M. and Ludwig, H., Persistent, tolerant
or subacute infection in Borna disease virus-infected rats, J.
Gen. Virol., 64 (1983) 1521-1530.

20 Kao, M., Ludwig, H. and Gosztony, G., Adaptation of

Borna disease virus to the mouse, J. Gen. Virol., 65 (1984)

1845-1849.

Kaufman, D.L., McGinnis, J.F., Krieger, N.R. and Tobin,

A.J., Brain glutamate decarboxylase cloned in Agt-1l: fusion

protein produces y-aminobutyric acid, Science, 232 (1986)

1138-1140.

22 Krey, H.W., Roggendorf, W. and Ludwig, H., Cerebro-
retinale Entziindungsreaktion bei der Bornakrankheit des
Rhesusaffen und des Kaninchens, Fortschr. Ophthalmol.,
80 (1983) 87-90.

23 Levine, S., Bonilla, E., Ryder, S., Salazar, M. and Rangel,
P., Tyrosine hydroxylase activity in Venezuelan equine en-
cephalomyelitis virus infection, Neurochem. Res., 6 (1981)

2

—



370

24

25

26

27

28

29

30

31

691-697.

Lipkin, W.I., Battenberg, E.L.F., Bloom, F.E. and Old-
stone, M.B.A., Viral infection of neurons can depress
neurotransmitter mRNA levels without histologic injury,
Brain Research, in press.

Ludwig, H., Kraft, W., Kao, M., Gosztonyl, G., Dahme,
E. and Krey, H., Borna-Virus-Infektion (Borna-Krank-
heit) bei natiirlich und experimentell infizierten Tieren:
ihre Bedeutung fiir Forschung und Praxis, Tierdrzil. Prax.,
13 (1985) 421-453.

Lyons, M.J., Faust, .M., Hemmes, R.B., Buskirt, D.R.,
Hirsch, J. and Zabriskie, J.B., A virally induced obesity
syndrome in mice, Science, 216 (1982) 82-83.

Montminy, M.R., Sevarino, K.A., Wagner, J.A., Mandel,
G. and Goodman, R.H., Identification of a cyclic-:AMP-
responsive element within the rat somatostatin, Proc. Natl.
Acad. Sci. U.S.A., 83 (1986) 6682—6686.

Narayan, O., Herzog, S., Frese, K., Scheefers, H. and
Rott, R., Pathogenesis of Borna disease in rats: immune-
mediated viral ophthalmoencephalopathy causing blind-
ness and behavioral abnormalities, J. Infect. Dis., 148
(1983) 305-315.

Narayan, O., Herzog, S., Frese, K., Scheefers, H. and
Rott, R., Behavioral disease in rats caused by immunopa-
thological responses to persistent Borna virus in the brain,
Science, 220 (1983) 1404-1403.

Neeley, S.P., Cross, A.J., Crow, T.J., Johnson, J.A. and
Taylor, G.R., Herpes simplex virus encephalitis neuroana-
tomical and neurochemical selectivity, J. Neurol. Sci., 71
(1985) 325-337.

Nemeroff, C.B., Youngblood, N.W., Manberg, P.J.,

32

33

34

35

36

37

38

Prange, A.J. and Kizer, J.S., Regional brain concentra-
tions of neuropeptides in Huntington’s chorea and schizo-
phrenia, Science, 221 (1983) 972-975.

Northeman, W., Shiels, B.R., Braciak, T.A. and Fey,
G.H., Structure and negative transcriptional regulation by
glucocorticoids of the acute phase rat a-inhibitor III gene,
J. Biochem., submitted.

Roggendorf, W., Sasaki, S. and Ludwig, H., Light micro-
scope and immunohistological investigations on the brain of
Borna disease virus-infected rabbits, Neuropathol. Appl.
Neurobiol., 9 (1983) 287-296.

Rossor, M.N., Neurotransmitters and CNS disease: de-
mentia, Lancet, 11 (1982) 1200-1204.

Sasaki, H., Muramoto, O., Kanazawa, 1., Arai, H., Kosa-
ka, K. and Lizuka, R., Regional distribution of amino acid
transmitters in postmortem brains of presemile and senile
dementia of Alzheimer type, Ann. Neurol., 19 (1986)
263-269.

Sprankel, H., Richarz, K., Ludwig, H. and Rott, R., Be-
havior alterations in tree shrews (Tupaia glis, Diard 1820)
induced by Borna disease virus, Med. Microbiol. Immu-
nol., 165 (1978) 1-18.

Verbanck, P.M.P., Lotstra, F., Gilles, C., Linkowski, P.,
Mendlewicz, J. and Vanderhaeghen, J.J., Reduced chole-
cystokinin immunoreactivity in the cerebrospinal fluid of
patients with psychiatric disorders, Life Sci., 34 (1984)
67-72.

Waelchli, R.O., Ehrensperger, F., Metzler, A. and Wind-
er, C., Borna disease in sheep, Ver. Rec., 117 (1985)
499-500.



