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Viral infection of neurons can depress neurotransmitter
mRNA levels without histologic injury
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Neonatal mice inoculated with lymphocytic choriomeningitis virus (LCMV) have non-lytic persistent neuronal infection and dis-
turbed behavior. We now show that LCMV replicates in neurons containing the neurotransmitter somatostatin without morphologic
evidence of injury and that persistent neuronal LCMV infection in mice is attended by a decrease in brain levels of somatostatin
mRNA. Brain levels of mRNA for another neurotransmitter peptide, cholecystokinin, are not decreased. These data are the first to
localize a virus to a specific neurotransmitter-containing cell during in vivo infection and suggest that persistent viral infections could
cause neurologic or psychiatric diseases through selective effects on brain levels of neurotransmitter mRNAs.

INTRODUCTION

Several neurologic and psychiatric diseases are as-
sociated with characteristic neurotransmitter abnor-
malities®#10-172326.33:35.37.39 The etiologies of most of
these diseases are unknown and the mechanism by
which neurotransmitter disturbances occur is un-
clear. One hypothesis holds that infectious agents,
particularly viruses, may be involved in the patho-
genesis of neurotransmitter disorders!*®?’. To address
the role of viral infections in the pathogenesis of
neurotransmitter diseases we are studying the effects
of experimentally induced central nervous system
(CNS) viral infections on neurotransmitter function.
We have chosen to begin our analysis using a non-ly-
tic virus, lymphocytic choriomeningitis virus (LCMV),
which causes persistent neuronal infection and neu-
rologic dysfunction without cytopathology in its natu-
ral host, the mouse!®¥. In this paper we report two
“distinct morphologic patterns of virus-neurotransmit-
ter interaction in brain: in one, individual somato-
statin neurons also contain viral antigens; in the
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other, processes from uninfected somatostatin neu-
rons communicate directly with LCM V-infected neu-
rons. These phenomena are accompanied by a selec-
tive, significant decrease in whole brain levels of so-
matostatin mRNA.

MATERIALS AND METHODS

Mice, virus, antibodies and cDNA probes
BALB/WEHI mice were obtained from the breed-
ing colony of The Research Institute of Scripps Clin-
ic, La Jolla, CA. The Armstrong CA1371 strain of
LCMV Clone 53b was propagated in BHK-21 tissue
culture and quantitated by plaque assays in Vero
cells’. Mice were infected through intracerebral
(1.C.) inoculation within the first 18 h of life with
1000 plaque-forming units of LCMV. This estab-
lishes persistent infection for the lifetime of the ani-
mal without affecting its lifespan®!S. As described®22,
mice were phlebotomized and assayed at random to
insure that they were persistently infected. Antibod-
ies to LCMV were prepared by inoculating guinea
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pigs with LCMV. The specificity of these antibodies
was determined as reported”. Antibodies to somato-
statin were prepared by immunizing rabbits with syn-
thetic peptide CGGSANSNPAMAPRE coupled at
the amino terminus to the carrier protein key-
hole limpet hemocyamin (KLH). This sequence con-
tains the neurotransmitter somatostatin 28(1-12),
SANSNPAMAFPRE, with an amino extension of two
glycine residues as spacers and a terminal cysteine
residue for coupling to KLH. The specificity of anti-
peptide antibodies for native somatostatin was con-
firmed in experiments showing expected distribution
of these antibodies in cell bodies and processes in mu-
rine brain and through blocking experiments with
free somatostatin 28 (ref. 20). The cDNA probes for
use in RNA analysis included rat pre-prosomatosta-
tin, a gift from J. Habener (Harvard University, Bos-
ton, MA)®, rat cholecystokinin obtained from R.
Haun (Purdue University, West Lafayette, IN)” and
28S ribosomal RNA, contributed by P. Southern
(Research Institute of Scripps Clinic, La Jolla,
CA)™*. The identity of these probes was confirmed by
restriction mapping and hybridization in northern
blots to RNA of appropriate size. In addition, the so-
matostatin probe was shown to hybridize to neurons
in rat brain previously tagged immunohistochemical-
ly with antibody to somatostatin 28(1-12)'. Probes
were labeled with P via nick translation®® to specific
activity of 1-10 x 108 cpm/ug of DNA and were used
in concentration of 1 x 103 cpm/ml of hybridization
solution.

Immunohistochemistry

Mice were sacrificed at 4 months of age via cardiac
perfusion with 4% paraformaldehyde. Brains were
removed, cryoprotected for 18-24 h in 19% sucrose
in phosphate-buffered saline (PBS), and sectioned
coronally at 30-«m intervals in a cryomicrotome. Sec-
tions were incubated 12-16 h at 4 °C simultaneously
with polyclonal guinea pig antibody to LCMV and
polyclonal rabbit antibody to somatostatin 28(1-12).
Primary antibodies were diluted 1:1000 in PBS, 0.3%
Triton X-100 (J.T. Baker, Phillipsburg, NJ), 1 mg/ml
bovine serum albumin. Sections were washed in PBS,
incubated 1 h at 24 °C simultaneously with rhoda-
mine (RITC)-conjugated goat anti-guinea pig Ig and
fluorescein (FITC)-conjugated goat anti-rabbit Ig
(Kirkegaard and Perry, Gaithersberg. MD). Second-

ary antibodies were diluted 1:500 in PBS, 0.3% Tri-
ton X-100. These antibody concentrations were se-
lected on the basis of pilot experiments performed to
determine conditions for optimal sensitivity and
specificity. Sections were washed in PBS and wet-
mounted on glass slides with PBS~glycerol under
coverslips. Immunofluorescent photomicrographs
were taken using filters to exclude either RITC or
FITC fluorescence. Double exposure of film to in-
clude RITC and FITC fluorescence in single fields
was used to detect coincidence of LCMV antigens
and somatostatin. Uninfected mice, age- and sex-
matched, were processed in parallel as controls.
Brain sections were stained with hematoxylin and eo-
sin (H & E) or Richardson’s solution for light micro-
scopic study.

RNA analysis

Brains were removed from 4-month-old virus-in-
fected and uninfected mice and snap frozen in liquid
nitrogen. Individual brains were homogenized in
guanidinium thiocyanate using an Ultra Turrax (Tek-
mar Co., Cincinnati, OH), sonicated, then centri-
fuged over cesium chloride for 16-18 h at 23,000 rpm
in an SW28 rotor (Beckman Instruments, Palo Alto,
CA). RNA pellets were dissolved in sterile H,O0, ex-
tracted twice with phenol-chloroform, precipitated in
NaCl and ethanol and then re-dissolved in sterile
H,0. RNA solutions were examined spectrophoto-
metrically for RNA and protein concentration. All
samples used showed 260/280 nm ratio greater than
1.9 insuring against protein contamination. For dot
blot analysis, 12 ug aliquots of RNA were denatured
at65°for 15minin6 x SSC(1 x SSC =0.15 M Na(Cj,
0.015 M trisodium citrate), 7.4% formaldehyde, then
serially diluted in 15 X SSC. Samples were applied to
nitrocellulose membranes using a 96-well minifold dot
blot apparatus (Schieicher and Schuell, Keene, NH).
Nitrocellulose membranes were baked 2 h at 80 °C,
prehybridized 4 h at 37 °C in 50% deionized forma-
mide, 5 X SSC, 2.5 x Denhardt’s solution, 100 ug/
ml™! boiled, sonicated salmon sperm DNA and then
hybridized for 24 h at 37 °C with ¢cDNA probe to
rat pre-prosomatostatin. After hybridization, mem-
branes were washed in 2 x SSC, 0.1% SDS at 37 °C
for 30 min, in 0.1 X SSC, 0.1% SDS at 55 °C for 30
min, then exposed against Kodak X AR-5 film (East-
man Kodak, Rochester, NY) at —70 °C with Cronex



lightning plus intensifying screens (Dupont, Wilming-
ton, DE). Following exposure to film, membranes
were washed in 0.1 x SSC,0.1% SDS at 85 °Cfor2 h
to remove ¢cDNA hybrids. Membranes were then
reused in hybridization experiments with probes to
rat cholecystokinin and 28S RNA. Conditions for
prehybridization, hybridization, washing and autora-
diography were as described above.

Films were scanned with an LKB Ultrascan laser
densitometer (LKB, Sweden). Because multiple
RNA samples were examined, we found it necessary
to use more than one dot blot. In order to maintain an
internal standard for these experiments and as an ad-
ditional control to insure that mRNA levels were
measured for equivalent amounts of total cellular
RNA, neurotransmitter mRNA levels were mea-
sured in the context of individual 28S ribosomal RNA
levels. For each RNA dot, we calculated a ratio of so-
matostatin hybridization intensity (SHI) and chole-
cystokinin hybridization intensity (CHI) to ribosome
hybridization intensity (RHI) (SHI/RHI and CHI/
RHI ratios, respectively). These ratios were then
used to compare whole brain neurotransmitter
mRNA concentrations in individual uninfected and
LCMYV infected animals. Pooled mouse spleen RNA
was used as a negative control for the specificity of
hybridization with probes to somatostatin and chole-
cystokinin.

In northern blot experiments, 2, 4 and 8 ug aliquots
of brain RNA from uninfected and LCMV infected
mice were denatured at 65 °C for 15 min in 50% deio-
nized formamide, 6% formaldehyde, 0.5 x MOPS
(1 x MOPS = 0.04 M morpholinopropane-sulfonic
acid, 10 mM sodium acetate, | mM EDTA) and sub-
jected to electrophoresis in 1% agarose, 6% formal-
dehyde gels. RNA was transferred to nitrocellulose
membrane via capillary filtration with 20 X SSC.
Thereafter, membranes were processed for hybridi-
zation and autoradiography as previously described
for dot blots (above). Pooled mouse spieen RNA was
again used as a control for specificity of hybridization
with neurotransmitter probes.

RESULTS
The basis for using the LCMV-murine system was

to learn the effects of a non-cytopathic persistent
CNS infection on neurotransmitter function. Pre-
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vious reports have shown no evidence of structural or
ultrastructural CNS pathology in mice consistently
infected with LCMV™. In our study as well, brain
morphology was normal at the level of light micros-
copy. Multiple H & E- and Richardson’s solution-
stained sections through cortex, hippocampus, hypo-
thalamus, cerebellum and brainstem were taken
from 5 LCMV-infected mice for comparison to sec-
tions taken from identical anatomic regions in 5 unin-
fected mice. Sections from LCMV-infected brains
were histologically similar to those from uninfected
brains; specifically, LCMV-infected brain sections
showed no evidence of neuronal dysmorphology,
ghosis or inflammation.

Our first objective was to determine whether or
not LCMV was tropic for somatostatinergic neurons.
This was pursued in a double-label immunofluores-
cent system in which viral antigen was marked with
FITC and somatostatin with RITC. Infected mice
had LCMV antigens in neurons of the cerebral cor-
tex, cerebellum, hippocampus, hypothalamus and
striatum. As expected, uninfected animals failed to
display LCMV antigens. The distribution of somato-
statin immunoreactivity in brain was identical in
uninfected and LCMV-infected animals. In accord-
ance with earlier reports®*, somatostatin-contain-
ing cell bodies were found in dentate gyrus, hippo-
campus, hypothalamus and in layers 11, III, V and VI
of cerebral cortex. Somatostatin-immunoreactive
processes were seen throughout the CNS. In LCMV-
infected mice, analysis at the single cell level indi-
cated that 10% of somatostatin-immunoreactive
neurons also contained LCMV antigens. An example
of the co-localization of LCMV antigens and somato-
statin to a large striatal neuron with smooth dendrites
isshownin Fig. 1A,B.C.

In addition to co-localization of viral antigens and
somatostatin within single neurons, we noted multi-
ple instances in which non-somatostatin-immuno-
reactive LCM V-infected neurons communicated with
uninfected somatostatin-immunoreactive neurons.
Fig. 1D shows a somatostatin-containing process
from an uninfected cell in contact with a non-somato-
statin-immunoreactive infected neuron.

Once we established that LCMV could infect so-
matostatin-immunoreactive neurons and cells in syn-
aptic connection with somatostatin-immunoreactive
neurons, we moved to consider the implications of



(9%}
(V3
[op

Fig. 1. Co-localization of viral antigen and somatostatin in brain neurons of a mouse persistently infected with LCMYV antigen and so-

matostatin are shown in a striatal neuron with smooth dendrites (A.B.C). A: LCMV antigen (RITC). B: somatostatin (FITC). C: pho-
tographic superimposition of LCMV (RITC) and somatostatin (FITC) signal. Coincidence of RITC and FITC resulis in a yellow color
with this technique. In D. a process from an uninfected somatostatin (FITC) is seen in contact with an LCMV-infected non-somato-

statin neuron (RITC). The same method of photographic superimposition for C was employed for D.

Brain Spleen
2 4 8 2 4 8 8 wug
A, o G, prret N ! B, e~
utuvil u i L R LR R |

Fig. 2. Integrity of somatostatin mRNA extracted from brains
of mice persistently infected with LCMV. Two Northern blot
experiments are shown. Each lane received 2. 4 or § u¢g of total
cellular RNA isolated from the brain of an uninfected (U) or an
LCMV-infected (I) animal. The last lane, containing 8 2g RNA
obtained from an uninfected mouse spleen. was included as a
control for specificity of somatostatin probe hybridization.

persistent LCMYV infection for neurotransmitter
function. This was approached by measuring whole
brain mRNA levels for somatostatin and another
peptide neurotransmitter, cholecystokinin, in unin-
fected and LCMV-infected animals.

Hybridization analysis by dot blot and gel electro-
phoresis (northern blot) of RNA extracted from
uninfected and LCMV-infected animals showed re-
duced brain levels of somatostatin mRNA in LCMV-
infected animals as compared to somatostatin mRNA
levels in matched uninfected controls (Table I). In
contrast, when whole brain levels of cholecystokinin
mRNA were similarly analyzed. no differences were
observed between LCMV-infected and uninfected
animals. Results of dot blot hybridization experi-
ments with 10 uninfected and 10 LCMYV infected ani-
mals are displayed in Table I. Mice persistently in-
fected with LCMV had a greater than two-fold re-



TABLE 1

Ratio of somatostatin mRNA and cholecystokinin mRNA to 285

ribosomal RNA in uninfected mice and mice persistently infected
with LCMV

Mice were infected at birth with 1000 plaque-forming units of
LCMV. Such mice remain persistently infected throughout
their life. Ten uninfected and ten LCMV-infected age- and sex-
matched 4-month-old mice were sacrificed, and their brains
were removed, RNA-extracted, bound to nitrocellulose filters
and hybridized with *P-labeled cDNA probes to somatostatin,
cholecystokinin or 28S ribosomal RNA. Filters were exposed
to film and film then analyzed via scanning laser densitometry
to quantitate hybridization. To control for experimental varia-
tion, the density of hybridization signal with each neurotrans-
mitter probe for each RNA extract was compared to the den-
sity of hybridization signal with the 28S ribosomal probe. This
was used to calculate a ratio of neurotransmitter hybridization
(SHI or CHI) to 28S RHI (see Materials and Methods). Data
was analyzed by unpaired Student’s r-test. S.E.M., standard er-
ror of the mean.

Experimental Num- SHI/RHI
group ber

CHI/RHI
Mean %S.E.M. Mean %S.E.M.

Uninfected 10 2.17  £0.47 0.68 0.09
LCMV- 10 0.92 +0.14 0.95 0.18
infected P<0.025 P<0.2

duction in SHI/RHI (P < 0.025). Northern blot hy-
bridizations confirmed this reduction in whole brain
somatostatin mRNA with LCMV infection. Two rep-
resentative northern blot experiments are seen in
Fig. 2. Northern blots showed no evidence of so-
matostatin mRNA degradation or abnormal electro-
phoretic mobility in RNA extracted from LCMV-in-
fected animals (Fig. 2). Mice persistently infected
with LCMYV showed no decrease in CHIVRHI (Table
D.

DISCUSSION

Mice persistently infected with LCMV have an ele-
vated threshold to noxious stimuli and demonstrate
diminished locomotor activity with open field test-
ing'® yet manifest no structural CNS pathology®2. We
propose that this aberrant behavior reflects abnor-
mal differentiated neuronal function. Our data sug-
gest a selective lesion in whole brain levels of at least
one neurotransmitter mRNA.

Immunohistochemically we have identified two
ways in which persistent LCMV infection could af-
fect CNS function. First, directly, through infection
of neurons which elaborate a specific neurotransmit-
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ter (Fig. 1A,B); second, indirectly, through infection
of neurons which communicate synaptically with
uninfected cells producing that neurotransmitter
(Fig. 1D). We have also shown that persistent LCMV
infection causes a greater than two-fold decrease in
whole brain levels of somatostatin mRNA (Table I,
Fig. 2), without effecting a decrement in whole brain
levels of mRNA for another peptide neurotransmit-
ter, cholecystokinin.

The basis for somatostatin mRNA reduction in the
CNS of persistently infected animals is uncertain.
Given our finding that only 10% of somatostatin-im-
munoreactive neurons contained LCMV antigen, it
is unlikely that most of the somatostatin mRNA re-
duction in these animals reflected infection of so-
matostatinergic neurons. The basis for somatostatin
mRNA reduction may be infection of neurons which
communicate synaptically with somatostatinergic
neurons as illustrated in Fig. 1D. Alternatively, the
effect of LCMV infection on somatostatin mRNA
levels may be more complex, e.g. through modula-
tion of other neurotransmitters which in turn directly
or indirectly influence somatostatinergic neurons.
We are currently exploring these possibilities by
studying the effects of persistent LCMV infection on
other neurotransmitter systems. Further, we do not
know the molecular mechanism(s) by which somato-
statin. mRNA is reduced in infected animals. Gel
electrophoresis of brain RNA from LCMV-infected
animals showed no evidence of degradation of so-
matostatin mRNA. Perhaps infection has decreased
the rate of somatostatin mRNA transcription and/or
reduced its stability.

The biological significance of brain somatostatin
mRNA reduction in mice persistently infected with
LCMV is unclear. Abnormalities in regional and
whole brain concentrations of somatostatin have
been reported in Alzheimer’s disease®, Huntington’s
disease and schizophrenia®®, human diseases char-
acterized by profound impairment in intellectual and
social function. Neurologic disturbances in our mu-
rine model of persistent CNS viral infection may re-
flect somatostatin dysregulation, alternatively, be-
havioral pathology may be mediated by abnormali-
ties in different neurotransmitters, neurotransmitter
receptors, or other components to CNS function.

Viral infections can cause discase through a vari-
ety of mechanisms including direct cytotoxicity, indi-
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rect. host-mediated immune responses resulting in
cytotoxicity and non-cvtotoxic disturbance of differ-
entiated cell function®. The last mechanism is partic-
ularly intriguing and may give insight into the patho-
genesis of human neurologic and psychiatric disor-
~ders in which dysfunction is out of proportion 10 his-
topathology.

Evidence is emerging from several different in-
fected animal model systems which document the po-
tential for infectious agents to disturb differentiated
cell function in the CNS. Hamsters inoculated i.c.
with the scrapie agent have reduced tyrosine hy-
droxylase activity at the inoculation site prior to
showing spongiform histopathology®. Mice infected
1.c. with canine distemper virus become obese. Fore-
brain levels of dopamine and norepinephrine are re-
duced in these animals without histologic abnormali-
ty*. Recently, Barrett et al. found that mice inoc-
ulated i.c. with defective interfering variants of Sem-
liki Forest virus have abnormal brain levels of neuro-
transmitter markers without dysmorphology?. Neuro-
transmitter mRNA levels have not been measured in
these systems.

There is precedent in the mouse model of per-
sistent LCMV infection for non-cytopathic interfer-
ence with elaboration of differentiated cell products.
In these earlier reports of endocrine dysregulation,
as in the neurotransmitter disturbance we have just
described, mRNA levels for the respective differ-
entiated cell products were reduced.

In several mouse strains, persistent LCMV infec-
tion reduces circulating levels of thyroid hormone
(TH)Y. C3H mice inoculated at birth with LCMV
have viral antigen in growth hormone (GH)-produc-
ing cells in the anterior pituitary, reduced pituitary
levels of GH and manifest this deficiency clinically
with runting and hypoglycemia®. TH mRNA and
GH mRNA are reduced 2-5-fold in mice with TH
deficiency’ and GH deficiency®, respectively. In
none of these contexts is disturbed function accompa-
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