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      Infections of the developing central nervous 
system (CNS) represent a signifi cant cause of dis-
ease in newborn and young infants and can result 
in permanent neurological defi cits. Neurological 
dysfunction associated with viral infections of 
the CNS often exceeds cellular damage directly 
attributable to virus replication, particularly in 
the developing CNS. Studies in patients with 
AIDS dementia and in animal models of non-
necrotizing viral infections of the CNS have 
suggested that host infl ammatory responses con-
tribute to the neurological damage associated 
with these infections ( 1, 2 ). Similar immuno-
pathological mechanisms could contribute to 
the long-term neurological abnormalities that 
follow virus infection of the CNS of the devel-
oping human fetus ( 3 ). 

 Infection of the developing fetus with human 
cytomegalovirus (HCMV) results in CNS dam-
age of an estimated 3,000 infants each year in 
the United States ( 4, 5 ). Infection of the fetus fol-
lows maternal infection and congenitally (present 
at birth) infected infants exhibit neurodevelop-

mental abnormalities ranging from mild defi cits 
in perceptual senses such as hearing loss to pro-
found neurological disease secondary to structural 
damage including cortical and cerebellar hypo-
plasia ( 3, 5 – 7 ). Lissencephaly, ventriculomegaly, 
and periventricular calcifi cations have been re-
ported in severely aff ected congenitally infected 
infants. More recent studies using magnetic res-
onance imaging have suggested that disorders 
in brain morphogenesis, including pachygyria 
and microgyria, could be more frequent than 
previously appreciated, and up to 50% of aff ected 
infants have hypoplasia of the cerebellum ( 8 ). 
Histopathological fi ndings from the brains of 
autop sied infants include focal areas of reactive 
mononuclear cells, reactive gliosis, microglial 
nodules, and less often, widespread damage to the 
periventricular gray matter ( 3, 6 ). Mechanisms 
of neurological damage in infants with HCMV 
infection remain undefi ned in part because ob-
servational studies of only a limited number of 
autopsy studies of infected infants have provided 
the bulk of information about this infection ( 3, 6 ). 
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 Human cytomegalovirus infection of the developing central nervous system (CNS) is a 

major cause of neurological damage in newborn infants and children. To investigate the 

pathogenesis of this human infection, we developed a mouse model of infection in the 

developing CNS. Intraperitoneal inoculation of newborn animals with murine cytomegalovirus 

resulted in virus replication in the liver followed by virus spread to the brain. Virus infec-

tion of the CNS was associated with the induction of infl ammatory responses, including the 

induction of a large number of interferon-stimulated genes and histological evidence of 

focal encephalitis with recruitment of mononuclear cells to foci containing virus-infected 

cells. The morphogenesis of the cerebellum was delayed in infected animals. The defects in 

cerebellar development in infected animals were generalized and, although correlated 

temporally with virus replication and CNS infl ammation, spatially unrelated to foci of 

virus-infected cells. Specifi c defects included decreased granular neuron proliferation and 

migration, expression of differentiation markers, and activation of neurotrophin receptors. 

These fi ndings suggested that in the developing CNS, focal virus infection and induction of 

infl ammatory responses in resident and infi ltrating mononuclear cells resulted in delayed 

cerebellar morphogenesis. 
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of the neurological disorders associated with congenital 
HCMV infections. 

  RESULTS  

 MCMV replicates in the brain of newborn mice 

after peripheral inoculation 

 Newborn BALB/c mice were inoculated intraperitoneally 
with 200 PFU of infectious MCMV within 24 h of birth, 
and brain and liver homogenates were titered on days 2 – 21 
after infection to defi ne the kinetics of virus replication. Virus 
replication in the liver was detected shortly after infection 
and reached a peak titer of  � 10 5  PFU per gram of tissue by 
PN day 10 ( Fig. 1 A ).  Peak titers of virus were detected in the 
brain on PN day 11 and fell below the limits of detection by 
PN day 17, suggesting that MCMV replicated initially in 
peripheral organs such as the liver and then spread to the 
brain ( Fig. 1 A ). Comparable results were obtained using quan-
titative PCR to detect MCMV DNA, although signifi cant 
amounts of viral DNA were detected in the brain of some 
mice as early as PN day 5 and on PN day 21 ( Fig. 1 B ). Similar 
amounts of virus per gram of tissue were detected in both the 
brain and liver, indicating that in newborn mice, MCMV 
productively infected the CNS. Signifi cant amounts of viral 
DNA were detected in the blood of infected animals begin-
ning on PN day 5, suggesting that virus spread hematogenously 
to the brain ( 20 ). 

 MCMV infects neuronal and glial cells of the brain 

and leads to a focal encephalitis 

 To further characterize the extent of MCMV infection of the 
brain of newborn animals, we identifi ed virus-infected cells in 
brain sections using an mAb reactive with the major immedi-
ate early (IE)-1 protein of MCMV, pp89 ( 21 ). Representative 
examples from the analysis from  > 30 infected mice from PN 
days 8 – 12 are presented in  Fig. 1 . Infected cells were detected 
in diff erent regions of the brain, including the frontal cortex, 
hippocampus, and cerebellum ( Fig. 1, C – F ). A variety of cell 
types was infected such as neurons and astroglial cells, including 
Bergman glia of the cerebellum ( Fig. 1, C – F , and not depicted). 
Infection was not restricted to one resident cell population, 
suggesting that there was no specifi c tropism of MCMV 
infection for cells of the PN CNS. Moreover, we did not 
observe a signifi cant loss of a particular resident cell popula-
tion in the infected brain (not depicted). Finally, virus-infected 
cells could be detected in the meninges overlying diff erent 
regions of the brain and infrequently in vascular endothelium 
(not depicted). 

 The most characteristic fi nding of infection of the brain 
in infected mice was focal involvement in diff erent regions of 
the brain. Discrete foci of infection containing 3 – 10 infected 
cells were present throughout all regions of the brain, and serial 
sections of brains from  > 30 animals consistently revealed 
in excess of 100 such foci of infection in individual brains 
( Fig. 2 A ).  Because the analysis of brain infection with immuno-
histochemical (IHC) methods could have underestimated the 
extent of infection in these animals, we performed in situ 

Proposed mechanisms of disease include disruption of vascular 
supply in the developing brain, loss of neural progenitors in 
the subventricular zone, and disordered cellular positioning 
secondary to altered cell migration ( 8 – 12 ). The majority of 
infants do not present with fi ndings of severe structural dam-
age of the CNS, yet a signifi cant percentage of these infected 
children will have permanent neurological  defi cits. Imaging 
studies have suggested that disorders of cellu lar positioning 
could account for the neurological abnormalities in some 
infected infants ( 8, 9, 13 ). 

 The species-specifi c tropism of HCMV that limits virus 
replication to cells of human origin has also restricted its study 
in relevant in vivo and in vitro models. Animal models have 
provided insight into the pathogenesis of HCMV infection of 
the CNS ( 14 – 19 ). With the exception of a rhesus macaque 
model, animal models have used direct intracranial inoculation 
with CMV almost exclusively to achieve CNS infection. 
Macaques inoculated intraperitoneally during fetal life develop 
CNS infection and disease; however, recent studies have used 
direct intracranial inoculation of fetal macaques to consistently 
induce CNS infection ( 18, 19 ). Results from these studies have 
shown that rhesus CMV can infect a variety of cell types in 
the CNS ( 19 ). Similarly, intracranial inoculation of murine cyto-
megalovirus (MCMV) has been used to establish CNS infec-
tion in mice ( 16 ). There are limitations in the extrapolation of 
results from models using intracranial virus inoculation to the 
pathogenesis of CMV infections in the developing CNS of 
humans. Perhaps the most obvious is that neuroinvasion is via 
intracranial injection, and the spatial distribution of the ensuing 
infection does not refl ect CNS infection that follows hema-
togenous spread. Furthermore, direct intracranial injection 
eliminates host-derived immune responses in peripheral tissue 
that would develop before spreading to the CNS. 

 We have developed a mouse model of an HCMV infec-
tion of the developing CNS using peripheral inoculation of 
newborn mice with low titers of MCMV. Our results indi-
cated that virus replication in the liver and presumably the 
spleen was followed by spread to the brain leading to a wide-
spread non-necrotizing focal encephalitis. A variety of resident 
cell types of the brain was shown to be infected in vivo, and 
mononuclear cells could be identifi ed in foci of infection. 
There was increased expression of mRNA-encoding mediators 
of innate immune responses, including interferon-stimulated 
genes and chemokines in brains from infected animals. In addi-
tion, there were morphological abnormalities in the cerebella 
of infected animals, a region of the brain that undergoes 
extensive postnatal (PN) development in the rodent. These 
changes were global in nature and, although correlated 
with virus replication in the CNS, independent of contig-
uous foci of infection. This fi nding suggested that a soluble 
mediator(s) was responsible for the symmetric changes ob-
served in the cerebellum of infected mice. Collectively, our 
fi ndings argued that focal viral infection and infl ammation 
in the developing human CNS could alter developmental 
programs required for cellular positioning and/or diff erentiation 
in the developing brain and, thus, be responsible for some 
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were detected in these infi ltrates, suggesting that both resi-
dent microglia and peripheral blood monocytes were pres-
ent in response to virus infection ( Fig. 3 A ). Activated 
microglia (F4/80 +  and CD45 intermediate ) and brain macrophages 
(F4/80 +  and CD45 high ) presumably derived from peripheral 
blood monocytes were detected by fl ow cytometric analy-
sis of mononuclear cells from the brains of infected animals 
(not depicted). 

 Histological changes were detected as early as 8 d after in-
fection and were temporally correlated with the induction of 
innate immune responses, including induction of expression 
of several genes associated with interferon-induced responses 
( Fig. 3 B ). Genes associated with the induction of interferon 
responses, including IRF-1, IRF-7, USP18, and LRG-47, 
and class I MHC antigens were shown to be induced by PN 
day 8 ( Fig. 3 B ). In addition, the expression of several chemo-
kines was increased in infected animals by PN day 8, including 
CXCL10, CCL5, and CCL21 ( Fig. 3 B ). MHC protein expres-
sion was present throughout the cerebellar cortex, including 
areas of the cerebellum without virus infection or infi ltration 
of mononuclear cells. Thus, the induction of gene expression 
associated with innate immune responses and infl ammation 
in the CNS was not limited to a small number of cells sur-
rounding foci of virus infection but generalized to this entire 
region of the brain ( Fig. 3 C ). Finally, there was no evidence 
of necrosis or signifi cant loss of the resident cellular constitu-
ents of the CNS. These results indicated that peripheral 
infection of newborn mice with MCMV established a gener-
alized but focal encephalitis characterized by infection of resi-
dent cells of the brain, accumulation of mononuclear cells, 
including both resident and infi ltrating mononuclear cells, 
and the induction within entire regions of the brain of infl am-
matory responses associated with the increased expression of 
genes associated with innate immune responses. 

DNA hybridization of brain sections from infected  animals. 
Similar to the fi ndings from the IHC studies described above, 
only scattered foci of infected cells could be detected ( Fig. 
2 B ). These results demonstrated that MCMV infection of 
newborn animals resulted in widespread but focal areas of 
CNS infection. 

 Mononuclear cells were detected in the meninges of in-
fected mice and in foci containing virus-infected cells, indicating 
that an infl ammatory response within the CNS was associated 
with this infection ( Fig. 3 A ).  The histological features of these 
foci included mononuclear cells and in some sections what 
appeared to be reactive astrogliosis, fi ndings similar to those of 
microglial nodules that have been described in patients with 
HCMV encephalitis ( 3, 22 ). Both Mac-1 +  and Mac-3 +  cells 

  Figure 1.     Replication of MCMV in the brains of newborn mice.  

(A) Virus yield (log) per gram of homogenized liver and brain determined 

by plaque assay and results expressed as infectious units (PFU)/g of tissue 

as described previously (reference  21 ). (B) Real-time PCR performed with 

MCMV IE-1 primers using DNA extracted from the livers or brains of 

 infected animals as described in Results and Materials and methods, 

 expressed as IE-1 copy number per 200  � l of 10% homogenate as a func-

tion of time after infection (reference  77 ). (C – F) IHC detection of virus-

infected cells using anti-pp89 (IE-1) in (C) the frontal cortex from a 

PN day 12 mouse, (D) in neurons of hippocampus from a PN day 11 –

 infected mouse, (E) granular neurons of cerebellum, and (F) Purkinje 

neurons of cerebellum from PN day 11 mice. In C and D, the MCMV pp89 

is represented by the red signal, and in E it is a black signal. In F, dual 

staining for calbindin (red) and MCMV pp89 (black) was used to demon-

strate cellular localization of viral antigen. Paraffi n-embedded brains 

were sectioned and processed for IHC as described in Materials and 

methods. Bars, 100  μ m.   

  Figure 2.     MCMV infection of newborn brain results in focal infection.  

(A) Section from the cerebellar cortex of a PN day 8 – infected mouse 

was stained with anti-MCMV pp89 mAb to detect virus-infected cells as 

described in Materials and methods. Focal area of infection is indicated by 

red staining of nuclei. This section contains a representative focus similar 

to those seen in sections from  > 30 animals. Bar, 100  μ m. (B) Detection of 

MCMV DNA by tyramide-amplifi ed in situ hybridization. Frozen sections 

of brains from infected mice on PN day 8 were hybridized with a tyramide-

labeled DNA probe derived from genomic viral DNA and developed as 

described in Materials and methods. The lower magnifi cation reveals the 

scattered green foci of infected cells, and the adjacent panels demon-

strate at a higher power the signal from the nuclei of infected cells in 

single foci. Cell nuclei were stained blue with Hoechst dye. Similar results 

were seen in sections from four mice.   
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bellum immediately adjacent to an infectious foci, but such 
areas of disordered lamination were only rarely associated with 
virus-infected cells, presumably secondary to the paucity of 
foci of infection in the brain (not depicted). More striking were 
global abnormalities in cerebellar cortical development in 
infected mice that were not spatially associated with adjacent 
foci of infection or infi ltration of infl ammatory cells, a fi nding 

 Neonatal MCMV CNS infection results in delayed 

cerebellar development 

 Based on the well-described developmental program of the 
mouse cerebellum in the PN period, we investigated the pos-
sibility that infection and infl ammation disrupted normal cer-
ebellar architecture. Disruptions of the orderly lamination of 
the cerebellar cortex could be observed in areas of the cere-

  Figure 3.     MCMV infection of the brain results in mononuclear infi ltration and increased expression of innate immune responses.  (A) Cellular 

infi ltrates in brains on PN day 10 mice. (A) cellular infi ltration of meninges, (B and C) foci of mononuclear cells in the cortex from a PN day 10 – infected 

animal stained with cresyl violet, (D) Mac 3 +  mononuclear cells in the foci of virus-infected cells of a PN day 12 animal by IHC with anti-Mac 3 +  mAb 

and in an immediately adjacent section (4  μ m) of MCMV-infected cells developed with anti-MCMVpp89 as described in Fig. 1, and (E) Mac-1 +  cells in 

virus-containing foci in a section from a PN day 10 – infected animal. Mac-1 +  cells were stained with anti-Mac1 and FITC anti-MIgG (green), and MCMV-

infected cells were stained with anti-MCMVpp89 mAb and TRITC anti-MIgG (red). Nuclei were stained with TOPRO III (blue). Bars, 100  � m. (B) Induction of 

innate immune response in the cerebellum of MCMV-infected mice. Microarray analysis of the expression of selected genes on PN days 5 and 8 RT-PCR 

was performed as described in Materials and methods. Fold increase in expression in cerebella from infected mice is depicted as the ratio of infected/

control mice, and p-value for signifi cant change is shown. Note that in some cases such as IL-1b, eightfold induction was not considered signifi cant 

(P  >  0.05 when compared with control animals) based on statistical treatment of array data. Quantitative RT-PCR was used to validate increased 

 expression of interferon-stimulated genes, including USP18, LRG47, and the MHC molecules H-2K and H-2D from nine infected and nine control animals 

on PN day 8. Fold change in expression between control and infected animals was statistically signifi cant (P  <  0.01), with the exception of the control 

18sRNA template (fold change, 1). (C) Expression of H-2K and H-2D in the saggital section of cerebellum from control and infected mouse PN day 8. Frozen 

sections were stained with an anti – H-2K d and H-2D d  pan – specifi c mAb (provided by D. Sachs, Harvard Medical School, Boston, MA) and developed with 

FITC anti-mIgG, and images were collected using identical settings of laser intensity and detector gain. Note extensive staining of meninges and Bergman 

glia processes in section from infected animals. Nuclei are stained blue with TOPRO III dye. Bar, 100  � m.   
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limited to regions of the brain developing during the interval 
of virus infection of the CNS ( Fig. 4 B ). 

 A more detailed analysis was performed to characterize 
the altered morphogenesis of the cerebellum of MCMV-in-
fected mice. Most striking was a persistent and thickened ex-
ternal granular neuron layer (EGL). This difference was 
apparent at early time points, being most obvious at PN day 7 
with a greater than twofold diff erence in the EGL thickness 
of infected animals as compared with control animals ( Fig. 5 B ).  
The persistence of the EGL in infected animals corresponded 
with a decrease in the thickness of the internal granular layer 
(IGL) at later time points, with diff erences in thickness of the 
IGL from infected animals and control animals remaining sig-
nifi cantly diff erent at PN day 28 ( Fig. 5 B ). Morphometric 
analysis also revealed diff erences in the molecular layer (ML), 
the acellular layer between the EGL and Purkinje neuron cell 
body ( Fig. 5, A and B ). The disparity in the thickness of 
the ML between infected and control animals was maximal 
at PN day 14 (infected animals, 70% of controls), a diff erence 
that persisted through PN day 28 ( Fig. 5 B ). The decrease 
in ML thickness likely refl ected a decrease in the number 
of parallel fiber axons of granular neurons and Purkinje 
dendrites, major components of this layer. These fi ndings 
suggested that MCMV infection in newborn mice resulted 
in a disruption of the normal cellular positioning in the cere-
bellar cortex. 

 The morphology of the Purkinje neurons diff ered between 
control and infected animals ( Fig. 5 A ). These abnormalities 
included diminished arborization of Purkinje dendrites, and 
less frequently, delayed alignment of the Purkinje neuron cell 
body leading to ectopia (not depicted). However, the Purkinje 
neuron cell bodies were similar in size in both infected and 
control animals ( Fig. 5 A ). The decrease in Purkinje dendrite 
arborization was consistent with the observed decrease in thick-
ness of the ML of infected mice ( Fig. 5 B ). Similar to the changes 
seen in the EGL, ML, and IGL of the cerebella from infected 
animals, changes in Purkinje morphology were also global in 
nature and independent of the presence of an overlying focus 
of virus infection or infl ammation. No obvious morphologi-
cal changes were noted in the Bergman glia of the cerebellum 
(not depicted). 

 Persistence of the EGL in the cerebellar cortex of MCMV-

infected mice is associated with delayed granular neuron 

migration and differentiation 

 The thickened EGL in the cerebellum of infected animals 
was inversely related to the area of the cerebellum of infected 
animals. Thus, we initially explored the possibility that a defect 
in granule neuron precursor (GNP) cell proliferation and/or 
migration represented a primary defect after MCMV infection, 
as these are critical steps in cerebellar cortical development 
( 23, 24 ). Several possible explanations for the thickened EGL 
were considered, including an increase in the number of GNPs 
secondary to (a) decreased apoptosis of GNPs during cerebellar 
morphogenesis, (b) increased GNP proliferation, and (c) de-
layed GNP migration. 

refl ected by the widespread expression of MHC in the cere-
bellar cortex ( Fig. 3 C ). The global dysmorphogenesis was 
temporally related to the presence of virus in the cerebellum and 
the induction of genes associated with infl ammation ( Fig. 3 B ). 
There was a reduction in the foliation of the cerebella from 
infected animals early after infection (PN days 5 – 7); however, 
measurement of the cerebellar area in sagittal sections indi-
cated that the cerebella from infected animals were similar in size 
to those from control animals until about PN day 9 ( Fig. 4, A 
and B ).  Cerebella from infected animals were also noted to be 
smaller than cerebella from control animals on PN days 9 – 17, 
and although the cerebella from infected animals remained 
smaller than cerebella from control animals after PN day 21, 
this diff erence was not statistically signifi cant at later time points 
( Fig. 4 B ). The decrease in cerebellar size in infected mice 
paralleled the kinetics of virus replication in the CNS of 
 infected mice ( Fig. 1 ). Cerebrum weight and volume were 
similar for both control and MCMV-infected animals on PN 
days 12, 14, and 17, suggesting that the eff ect of MCMV in-
fection on CNS development was diff erentially expressed and 

  Figure 4.     Development of the cerebellum in the PN period is 

 altered by MCMV infection.  (A) Cresyl violet staining of the saggital 

 section of cerebellum from a control and MCMV-infected mouse on 

PN day 7. Note delay in foliation in cerebellum of infected animal. Bars, 1 mm. 

(B) Cerebellar area from a minimum of fi ve control and MCMV-infected 

mice at each time point was quantifi ed from a series of 18 saggital 

 sections (4  � m) from each mouse. Mean and standard deviations are 

indicated by the error bars. The volume of the cerebrum in three to fi ve 

mice from both infected and control groups was determined at each time 

point as described in Materials and methods.   
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inoculation (PN day 10), a time point where signifi cant dif-
ferences between the thickness of the EGL of infected and 
control animals were also noted ( Fig. 6, B and C ). This result 
suggested that the increased thickness of the EGL in infected 
animals could be explained by a decreased rate of migration 
of GNPs from the EGL compared with control animals. 

 GNP differentiation is delayed in MCMV-infected mice 

 The fi ndings of decreased GNP proliferation and migration 
suggested that a defect in GNP diff erentiation could explain 
the morphological abnormalities in the cerebella of infected 
mice. Two molecular markers of granule neuron diff erentiation 
state were assayed. TAG-1 (contactin-3) is a secreted glyco-
protein selectively expressed by postmitotic granule neurons 
in the premigratory zone of the EGL ( 23 ). In contrast to its 
distribution in control animals on PN day 8, TAG-1 expression 
in infected animals was detectable only within the fi rst one to 
three inner cell layers of the EGL and was not detected in the 
ML ( Fig. 7 A ).  Cerebellar RNA was then assayed for expression 
of a developmentally regulated gene, the  �  6 subunit of the 
GABA A receptor (gabra 6). Expression of this receptor has 
been reported to increase during the fi rst 3 wk of life, making it 
a useful marker of granule neuron diff erentiation ( 25 ). Expres-
sion of gabra 6 was signifi cantly less in the cerebella of in-
fected animals compared with control animals ( Fig. 7 B ). These 
results suggested that CNS infection of newborn mice was 
associated with delayed diff erentiation of granular neurons. 

 To more accurately identify the stage of the intrinsic 
developmental transcriptional program at which GNPs were 
altered by infection, we assayed the expression of several tran-
scription factors critical for GNP diff erentiation. These included 
MATH-1, PAX6, and NeuroD, as these defi ne sequential 

 We initially examined the possibility that MCMV infec-
tion was associated with decreased apoptosis in the developing 
cerebellum. No diff erences were found between infected and 
control animals on PN day 8 when analyzed for activated 
caspase 3, suggesting that a decrease in GNP apoptosis was an 
unlikely explanation for the increase in the thickness of the 
EGL in infected animals (not depicted). We next explored 
the possibility that the persistence of the EGL in infected mice 
could be explained by increased proliferation of GNPs in the 
EGL. GNP proliferation was measured in vivo using BrdU 
incorporation. After injection of BrdU into mice on PN day 8, 
BrdU incorporation in cells of the cerebellum was assayed 
by IHC at 6, 12, and 24 h after injection. More GNPs incor-
porated BrdU in the control animal group than in the infected 
group ( Fig. 6 A ).  This result indicated that fewer cells in the 
EGL of infected animals on PN day 8 were cycling, and that 
the increased thickness of the EGL in infected mice was not 
secondary to increased proliferation of GNPs. 

 The increased cellularity in the EGL of infected animals 
could be explained by delayed migration of granular neurons 
from the EGL into deeper layers of the cerebellar cortex. To in-
vestigate this possibility, the migration of granular neurons 
in infected mice was quantifi ed using a modifi cation of the 
BrdU incorporation assay. Granular neurons of the EGL were 
pulse-labeled in vivo with BrdU, and brains were harvested 
at several time points. Consistent with the fi ndings described 
above, a greater number of cells were labeled with BrdU in 
the control animal group when compared with infected animals 
at all time points ( Fig. 6, B and C ). The proportion of BrdU-
labeled neurons that migrated from the EGL was reduced in 
infected animals compared with control animals. The diff erence 
in EGL neuron migration was most striking at 48 h after BrdU 

  Figure 5.     MCMV infection results in the persistence of the EGL and decreased thickness of the IGL and ML in MCMV-infected mice on 

PN day 10.  (A) Immunofl uorescent staining of frozen section from representative saggital sections of cerebellum from control and infected mice. Purkinje 

neurons (PC; green) were stained with calbindin and developed with FITC anti-MIgG. Nuclei were stained with TOPRO III (blue). Note the differences in 

the thickness of the EGL and ML between sections from the MCMV and control animals. Also note the loss of arborization of the Purkinje dendrites in 

MCMV-infected as compared with control animals. Bar, 100  μ m. (B) Morphometry of the EGL, ML, and IGL was performed on saggital sections, and each 

data point was derived from six control and infected mice per time point as described in Materials and methods.   
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similarities to the phenotype of MCMV-infected newborn mice 
( 34 – 37 ). Initially, we determined the expression of the genes 
encoding BDNF and its high affi  nity receptor, Trk B, in both 
MCMV-infected and control animals on PN days 5 and 8. 
Similar levels of mRNA were found in both control and 
MCMV-infected animals when assayed by real-time RT-PCR 
(not depicted). The expression of mRNA-encoding NT3 and 
Trk C determined in a microarray analysis were also similar in 
the cerebella of both control and infected animals (not depicted). 
Consistent with these results, similar amounts of both the 
145-kD full-length Trk B and the 95-kD truncated form of the 
receptor Trk B were detected in cerebellar lysates from infected 
and control mice by Western blotting ( Fig. 8 ).  However, the 
expression of activated Trk (phosphorylated tyr 490 ) was estimated 
to be decreased  > 10-fold in lysates derived from the cerebella 
of infected animals as compared with control animals ( Fig. 8 ). 
Thus, it appeared that MCMV infection was associated with 
decreased activation of neurotrophin receptors that have been 
reported previously to play an essential role in cerebellar foliation 
and lamination, and Purkinje neuron dendrite aborization. 

stages of GNP diff erentiation in the cerebellum ( 24, 26, 27 ). 
The expression of these transcription factors was similar between 
control and infected animals (not depicted). In addition, no dif-
ferences were detected in the expression of RNA-encoding 
sonic hedgehog (Shh) or its receptor, smoothened, in the cer-
ebella of MCMV-infected and control mice (not depicted) ( 28 ). 

 Altered neurotrophin signaling in the cerebellum of MCMV-

infected mice 

 The neurotrophins, nerve growth factor, brain-derived neuro-
trophic factor (BDNF), and neurotrophin 3 (NT3), were ini-
tially suggested to play a major role in the development of the 
peripheral nervous system by promoting survival of neurons ( 29 ). 
However, these molecules have also been shown to have a 
role in the development of the CNS ( 30 – 34 ). Two neuro-
trophins, BDNF and NT3, have been shown to be important 
in the PN development of the cerebellum ( 31 – 34 ). Genetically 
engineered mice with a deletion in genes encoding BDNF, 
Trk B (high affi  nity BDNF receptor), or Trk C (high affi  nity 
NT3 receptor) exhibited altered cerebellar morphogenesis with 

  Figure 6.     MCMV infection is associated with a decrease in granular neuron proliferation and migration.  (A) BrdU incorporation is reduced in 

the granular neurons of infected mice. Mice were injected with BrdU on PN day 8, and brains were harvested at 6, 12, and 24 h after injection. The number 

of BrdU staining cells per 500 nucleated cells was determined and plotted as function of time after injection. Only results from 6 and 24 h are shown. 

Each data point represents fi ndings from six mice. The differences between the groups were signifi cant (P  <  0.002). (B) Migration of granular neurons is 

decreased in MCMV-infected animals. MCMV-infected or control animals were injected with BrdU on PN day 8 as described in Materials and methods. 

Six animals per group were harvested at 24, 48, 72, and 96 h after BrdU injection, and fi ve nonadjacent sagittal sections from the cerebellum were 

 analyzed by IHC using anti-BrdU antibodies. The percentage of migrated cells was calculated by dividing the number of labeled cells in the ML and IGL by 

the total number of BrdU-expressing cells at 48 h. The differences between the groups were signifi cant (P  <  0.002). (C) Representative sections from a set 

of MCMV-infected and control mice. Cells incorporating BrdU are labeled with a red chromogen. Note that differences in migration were most apparent 

at 48 h after injection, which represents PN day 10 and marginally different at 72 h after injection, fi ndings consistent with morphometry of the EGL 

( Fig. 5 ). Bar, 100  μ m.   
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the CNS in patients with AIDS and in congenitally infected 
infants is believed to be hematogenous, the model of CNS 
infection described in this report could more accurately re-
fl ect key aspects of the pathogenesis of HCMV encephalitis 
than models that use intracranial virus inoculation. Finally, it 
is of interest to note that adult mice that were inoculated 
with MCMV as newborn animals exhibited neurobehavioral 
defi cits manifest by impaired performance on a stationary bal-
ance beam, and in preliminary experiments, sensorineural 
hearing loss was documented in  � 15 – 20% of animals (not 
depicted). These fi ndings suggest that this model may reca-
pitulate some of the more common neurological sequelae in 
infants infected with HCMV in utero ( 4, 5 ). 

The cerebellum is a well-studied region of the rodent 
brain that undergoes extensive development in the PN period 
achieving adult architecture between PN days 21 and 28 ( 24, 25 ). 
The population of the EGL by GNPs, their proliferation, and 
migration into deeper layers of the cerebellar cortex has served 
as a model system for investigations of cellular positioning in 
the CNS ( 23, 25 ). GNPs migrate tangentially from the prim-
itive rhombic lip of the developing cerebellum and, once 
positioned in the cerebellar cortex, proliferate in response to 
several molecular cues ( 24 ). Increased cellularity of the EGL and 
the concomitant increase in cerebellar volume are refl ected 
by an increase in cerebellar size and the characteristic folia-
tion of the cerebellar cortex ( 24 ). We observed abnormalities 
in the cerebella of infected animals that included delays in fo-
liation and the persistence of the EGL in the cerebellar cortex. 
Cerebellar growth refl ected by the cerebellar area was de-
creased in infected animals between PN days 9 and 18, yet 
developmental abnormalities such as increased thickness of 
the EGL and decreased foliation were apparent as early as PN 

  DISCUSSION  

 Previous studies have described CNS infection following in-
tracranial inoculation of newborn mice with MCMV ( 17, 38 ). 
These studies reported widespread infection, particularly of 
cells in the periventricular zones and in those regions of the 
brain in direct contact with cerebrospinal fl uid, similar to de-
scriptions of HCMV ventriculoencephalitis in AIDS patients 
and infants with severe manifestations of congenital HCMV 
infection ( 3, 22 ). Infection of diff erent resident cells of the 
CNS and loss of neuroepithelial cells secondary to lytic infection 
have also been seen in these models ( 16, 39 ). In addition, dis-
turbances in granular neuron migration have been reported in 
organotypic cell cultures infected with MCMV ( 40 ). How-
ever, descriptions of histopathological fi ndings in human in-
fections, including congenital HCMV infections acquired in 
utero, suggest that extensive ventricular spread is less frequently 
seen as compared with hematogenous spread leading to focal 
areas of parenchymal involvement ( 3, 6 ). This latter mechanism 
of CNS invasion is consistent with the widely scattered foci 
of infected cells that we observed in the brains of infected 
mice. Foci-containing virus-infected cells and mononuclear 
cells closely resembled microglial nodules that have been de-
scribed in brain sections of autopsy specimens from adult AIDS 
patients with HCMV encephalitis and fetuses infected in 
utero with HCMV ( 3, 22 ). Because the spread of HCMV to 

  Figure 7.     MCMV infection results in delayed expression of neuronal 

differentiation markers TAG-1 and gabara-6 receptor.  (A) Frozen 

sections from control and MCMV-infected mice on PN day 8 were reacted 

with anti – TAG-1 mAb followed by TRITC anti-mIgG (red), and nuclei were 

stained blue with TOPRO III dye. Note the limited extension of TAG-1 

staining into the EGL of an infected animal compared with a control 

 animal. Bar, 100  μ m. (B) Quantifi cation of gabara-6 mRNA from the cer-

ebellum of control and MCMV-infected mice on PN day 8 by real-time 

RT-PCR. Values expressed as fold change from controls from four animals 

per each group. The difference between groups was signifi cant (P  <  0.001).   

  Figure 8.     Trk activation is decreased in the cerebellum of MCMV-

infected mice.  Each sample (lane) analyzed represented pooled cerebella 

from three mice from control and MCMV-infected mice (total six control 

and nine MCMV-infected cerebella). The cerebella were lysed and normal-

ized for protein concentration. Equivalent amounts were subjected to 

SDS-PAGE, transferred to nitrocellulose membranes, and developed with 

antibodies that were reactive with total Trk B. Antibody binding was 

 detected by ECL. The membrane was stripped and reprobed with antibodies 

specifi c for the activated form of Trk (phosphorylated at tyr 490). Note 

similar levels of Trk B expression but decreased phosphorylated (activated) 

Trk in cerebella lysates of infected mice.   
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 The activities of BDNF are pleiotropic and include pro-
tection from neural apoptosis, enhanced neuronal proliferation, 
increased granular neuron migration, and long-term potenti-
ation ( 33, 49 – 51 ). Recent studies have reported that BDNF 
can function in an autocrine manner and promote directional 
migration of granular neurons down a BDNF gradient, a mech-
anism consistent with a gradient of BDNF production by 
granular neurons once these cells position themselves in the 
IGL ( 52 ). Activation of the BDNF receptor Trk B in the rodent 
cerebellum is increased during the fi rst two PN weeks, par-
ticularly during the second PN week, and then returns to 
baseline levels present during embryonic development and 
adult life, fi ndings that are consistent with the key role of this 
signaling pathway during cerebellar development ( 53, 54 ). Thus, 
disruption of this signaling pathway during this dynamic time 
in cerebellar development could result in several abnormali-
ties of morphogenesis, albeit these abnormalities would likely 
be less pronounced than those observed in BDNF  � / �   knock-
out mice, which lack BDNF. Finally, it should also be noted 
that deletion of the gene encoding of the neurotrophin NT3 
resulted in delayed cerebellar foliation, a phenotype that was 
similar to that of newborn mice infected with MCMV ( 35 ). 
The analysis of the cerebella of NT3  � / �   mice did not reveal 
abnormalities in GNP proliferation or migration, but an in-
creased frequency of apoptotic cells in the cerebellum ( 35 ). 

 Our fi ndings indicated that the phosphorylation of tyr 
490 on Trk receptors was signifi cantly decreased in the cerebella 
of infected animals compared with control animals. The avail-
ability of antibodies specifi c for individual phosphorylated 
Trks is limited, and the commonly used antibody against the 
tyr 490 is reactive with all phosphorylated Trks (Trk A, B, 
and C); therefore, it was not possible to determine which 
specifi c Trk was phosphorylated in cerebellar lysates analyzed in 
this study. We failed to detect Trk A in the cerebellar lysates 
from infected and control animals using a Trk A – specifi c anti-
body, suggesting that the decrease in phosphorylated Trks was 
not secondary to the decrease in phosphorylated Trk A (un-
published data), a result consistent with previous studies demon-
strating that Trk A was not activated in the cerebella of newborn 
mice ( 53, 55 ). Although we could not defi nitely determine if 
Trk B, Trk C, or both were hypophosphorylated with available 
antibodies, our results do argue for a potentially biologically 
important eff ect associated with decreased activation of Trk B 
and/or Trk C in MCMV-infected mice. Lastly, the assign-
ment of a key function exclusively to either Trk B or Trk C 
signaling could be arbitrary because of documented promis-
cuity in receptor activation by BDNF and NT3 ( 29, 37, 56, 57 ). 
The pathways through which virus infection and/or infl am-
mation in the developing CNS alter Trk B (and/or Trk C) 
acti vation in the cerebellum of infected animals are unknown 
but could be secondary to disruption of transcriptional or 
posttranslational regulation, including the relocalization of 
this receptor to the cell surface ( 58 – 60 ). 

 The mechanism(s) responsible for delayed cerebellar devel-
opment and cellular positioning in MCMV-infected mice 
remains undefi ned. Virus infection of the CNS in these animals 

day 7, a time point at which cerebellar size of control and 
MCMV-infected mice was indistinguishable. Decreased thick-
ness of the IGL was a second abnormality noted in MCMV-
infected animals and presumably resulted from a decrease in 
granular neuron migration into this layer of the cerebellar 
cortex. Importantly, cerebellar morphogenesis was altered but 
not totally arrested by MCMV infection in newborn mice. 
Finally, the morphological abnormalities in the cerebellar cor-
tex of infected mice were temporally related to virus replica-
tion and host infl ammatory responses, but were not restricted 
spatially to areas adjacent to virus-infected cells and mononu-
clear cell infi ltrates. Collectively, these fi ndings suggested that 
MCMV infection in the CNS of these animals and the associ-
ated infl ammatory response resulted in a transient interruption 
or delay in the developmental program of the cerebellum.

 A review of the phenotypes of mutant mouse strains sug-
gested several possible defects that could have contributed to 
the phenotypes of MCMV-infected mice ( 24, 41 – 43 ). Spon-
taneous mutations in inbred mice leading to loss of Purkinje 
neurons are associated with decreased proliferation and posi-
tioning of granular neurons in the cerebellar cortex ( 24, 44, 45 ). 
Thus, alterations in the granular neuron positioning in infected 
mice could be secondary to impaired Purkinje neuron function. 
We did not observe a loss of Purkinje neurons, but this fi nding 
did not eliminate the possibility that altered function of these 
neurons could have potentially contributed to the observed 
developmental abnormalities. 

 Several of the morphological abnormalities observed in the 
cerebella of MCMV-infected mice resemble those described in 
mutant mice with defects in neurotrophin signaling. The per-
sistence of the EGL in the cerebella of the BDNF  � / �   trans-
genic mouse was reminiscent of that seen in MCMV-infected 
mice ( 34 ). BDNF  � / �   mice have been shown to have thick-
ened EGL, reduced thickness of the ML and IGL, altered 
Purkinje dendrite arborization, and delayed migration of granular 
neurons from the EGL to the IGL ( 34, 46 ). Interestingly, trans-
genic mice in which the BDNF receptor Trk B was deleted 
postnatally exhibited a delay in granular neuron migration, al-
though the phenotype was less striking than the BDNF  � / �   
transgenic mice, possibly refl ecting the promiscuity in responses 
of Trk C receptors to BDNF in these mice ( 37, 47 ). Interest-
ingly, morphometry in Trk B  � / �   transgenic mice performed 
at  � 6 wk of age revealed signifi cant diff erences in the ML, 
possibly due to altered development of Purkinje dendrites ( 47 ). 
Abnormalities in cerebellar development have also been 
described in transgenic mice lacking expression of CAPS2, a 
protein required for the release of BDNF and NT3 ( 48 ). The 
phenotype of this transgenic mouse included abnormal folia-
tion, persistence of the EGL, and loss of Purkinje dendrite arbo-
rization ( 48 ). Finally, a spontaneous mutant mouse,  stargazer , has 
been shown to have a defect in BDNF expression in the cere-
bellar granular layer and exhibit delayed migration of granular 
neurons from the EGL into the IGL ( 41 ). Collectively, these 
fi ndings were consistent for a role of altered neurotrophin ex-
pression or signaling in MCMV-infected mice as an explanation 
for the morphological abnormalities in cerebellar development. 
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BDNF ( 75, 76 ). Reports describing cAMP-controlled re-
cruitment of intracellular Trk B to the plasma membrane 
are also consistent with this mechanism ( 58 – 60 ). Thus, the 
tightly regulated activation of this key neurotrophin receptor 
in the cerebellum could potentially be altered by soluble 
mediators of the infl ammation associated with the response to 
MCMV infection. 

 MATERIALS AND METHODS 
 Mice, virus infections, and virus titration 
 Newborn ( < 24-h-old) BALB/c mice were inoculated intraperitoneally with 

200 PFU of tissue culture – derived Smith strain of MCMV (Smith strain, 

VR-194 [recently reaccessioned as VR-1399]; American Type Culture Col-

lection [ATCC]). In the initial experiments in which virus replication and 

cerebellar morphometry were performed, animals were given equivalent 

amounts of media and designated as mock infected. Subsequently, we used 

noninfected animals as controls, as we could not detect diff erences in terms 

of cerebellar morphology or histology between media-inoculated (mock-

 infected) or noninfected animals. Mice were harvested at various PN days after 

they were killed. The animals were perfused extensively with PBS by inser-

tion of plastic canula into the left ventricle and transection of the inferior 

vena cava. The organs were weighed, and a 10% wt/vol homogenate in me-

dia and viral titers in the brain and liver were determined by standard plaque 

assay on mouse embryonic fi broblast ( 77 ). The limit of detection was esti-

mated at 10 2  infectious U/g of tissue. Results are expressed as PFU/g of tissue. 

Pathogen-free male and female BALB/c mice were purchased from Charles 

River Laboratories for experiments performed at the University of Alabama 

at Birmingham. All breeding and experiments were performed in accordance 

with the guidelines of the University of Alabama at Birmingham, University 

Institutional Animal Care and Use Committee, and with animal use policies 

monitored by the Animal Use Committee at the University of Rijeka. 

All animal use protocols and animal care procedures at the University of Rijeka 

were also reviewed by the University Institutional Animal Care and Use 

Committee at the University of Alabama at Birmingham. 

 Cerebellar morphometry 
 For morphometry, mice were killed on PN days 5 – 28 and perfused with 

PBS, pH 7.4, followed by perfusion with 4% PFA in PBS. After fi xation, the 

brains were divided in two parts at the midline and embedded in paraffi  n. 4- � m 

sagittal serial sections were processed for further analysis, and  � 18 slides per 

brain were studied. Results shown are average value for each animal for the 

group of fi ve to six animals per time point. Morphometric measurements of 

cerebellar area and circumference were performed on cresyl violet-stained 

sections using ImagePro software (MediaCybernetics). Cerebral volumes of 

infected and uninfected animals were measured by use of a water-displacement 

method ( 78 ). The thickness of the EGL and other layers of the cerebellar 

cortex were measured on the same sections at six points along the primary 

fi ssure and expressed as the average of all measurements for each animal. 

 Histology, immunohistochemistry, and immunofl uorescence assays 
 After fi xation, the brains from infected and noninfected animals were di-

vided in two parts at midline and embedded in paraffi  n for sectioning. 4- � m 

sagittal sections were cut from the midline of the cerebellum and processed 

for cresyl violet histological staining and/or immunohistochemistry. IHC 

staining for the IE protein (pp89) encoded by MCMV IE-1 was performed 

as described previously ( 21 ). IHC staining of Purkinje, astroglia, and microglial 

cells was performed using anti – calbindin D28 (Sigma-Aldrich), anti-GFAP, 

anti – mouse Mac-3 (BD Biosciences), or anti-BrdU (Sigma-Aldrich) as primary 

antibodies, respectively. For BrdU detection, slides were incubated in 2N HCl 

before antibody detection. The antibody binding was visualized with biotin-

ylated goat anti – mouse Ig and mouse anti – rat IgG1/2a (BD Biosciences), 

followed by streptavidin peroxidase and 3, 3 � -diaminobenzidine (black staining) 

or 3- amino-9-ethylcarbazole (red staining; Sigma-Aldrich) as chromogens. 

Sections were counterstained with hematoxylin. 

is focal, and widespread necrosis and loss of cellular popula-
tions in infected brains cannot be appreciated. Thus, it is 
likely that soluble mediators associated with the infl ammatory 
response contributed to the global changes seen in the devel-
oping cerebellum. CNS disease linked to infl ammatory re-
sponses of resident cells of the CNS after infection of newborn 
mice with nonlytic viruses such as murine leukemia virus 
(MuLV) or Borna disease virus (BDV) has been described 
( 61 – 63 ). MuLV infection of newborn mice results in neuro-
logical disease associated with minimal neuropathology ( 64 ). 
The CNS disease in MuLV-infected animals appears to be 
mediated through activated glial cells and release of infl am-
matory molecules ( 63 ). Inoculation of newborn rats with BDV 
has been shown to cause altered cerebellar morphology and 
decreased cerebellar area in the absence of widespread cell lysis 
( 61, 65 ). The tropism of BDV for Purkinje neurons has been 
suggested as an explanation of the generalized alterations in 
cereballar development seen in BDV-infected animals ( 66, 67 ). 
Subsequent studies in this system have described infl ammatory 
responses of astroglial and microglial cells and the release of 
soluble mediators of infl ammation, including cytokines, which 
may also contribute to the neuropathology in BDV-infected 
animals ( 61, 68, 69 ). Finally, transgenic mice expressing inter-
feron- �  under control of a myelin basic promoter or trans-
genic mice overexpressing TNF- �  also exhibited delayed 
migration from the EGL, fi ndings consistent with the role of 
infl ammatory mediators in the altered cerebellar development 
in MCMV-infected mice ( 70, 71 ). Our results demonstrated 
foci of mononuclear cells early after virus infection of the 
brain along with expression of the proinfl ammatory cytokine 
TNF- �  and the increased expression of components of the 
innate response, such as TLR-2, interferon- � , IRF-1, IRF-7, 
and Stat-2, as well as several interferon-stimulated genes. 
Thus, we believe that infl ammatory response generated early 
in MCMV infection of the brain and the production of solu-
ble mediators of infl ammation could either directly or indi-
rectly alter the developmental program of the cerebellum. 

 We have not identifi ed specifi c proinfl ammatory mole-
cules responsible for the altered developmental programs of 
cells of the cerebellum, but chemokines are known to play 
a role in cellular positioning during cerebellar development 
( 72, 73 ). In MCMV-infected animals, up-regulation of chemo-
kine gene expression in the cerebellum was detected early in 
infection, raising the possibility that these soluble molecules 
could aff ect GNP diff erentiation and positioning. The pre-
cise mechanism(s) through which infl ammatory mediators 
alter cerebellar development and Trk activation is unknown, 
but possible mechanisms include chemokine coupling of GPCR 
with G  � I , inhibition of adenylyl cyclase, and cAMP production 
with subsequent decreased activation of PKA ( 74 ). Inhibi tion 
of cAMP production and PKA activation has been shown to 
inhibit Purkinje dendrite morphogenesis through reduced 
activation of Trk B ( 49 ). Thus, a decrease in cAMP produc-
tion by inhibition of adenylyl cyclase and/or increased pro-
tein phosphatase 1 activity could result in decreased activation 
of Trk B after exposure of cells to limiting concentrations of 
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pleted with nuclease-free H 2 O instead of EB buff er. The targets were dried to 

completion and coupled to either ester-linked Cy5 or Cy3 dyes (GE Health-

care) in 0.1 M sodium bicarbonate, pH. 9.0, for 60 min in a 6- � l volume to 

facilitate the coupling reaction. After quenching of unbound dye with 4 M 

 hydroxylamine (Sigma-Aldrich), Cy3 and Cy5 pairs were combined and the 

target pairs were again purifi ed over Qiaquick columns (QIAGEN) and dried 

to completion in a speed-vac. The targets were then resuspended in 50  � l of 

MWG Hyb Buff er (Ocimum Biosolutions), and 1  � g poly A RNA (Sigma-

Aldrich) was added to each target. The targets were heat denatured and then 

hybridized for 16 h at 42 ° C on a Maui Hyb Station (BioMicro Systems). 

Mouse exonic evidence base oligonucleotide arrays were used for these array 

analyses (MEEBO; http://www.microarray.org./sfgf/meebo.do). After hybrid-

ization washes, all arrays were scanned on an AXON 4,000b scanner. 

 Microarray data analysis 
 Microarray gene pix scan results were loaded into statistical software, HDB-

STAT (www.soph.uab.edu/ssg/default.aspx?id=91). Quantile – quantile nor-

malization was performed to maximize statistical power by converting raw 

expression levels into ranks. After normalization, Welch or Student ’ s  t  test 

was performed comparing control to infected samples. Data were output in 

Excel fi le format and sorted by p-value. The original raw data were also ex-

amined with commercial GeneTraffi  c software after Lowess subgrid normal-

ization. The data from this microarray analysis has been deposited in the GEO 

database under accession number  GSE9945 . 

 Quantitative RT-PCR 
 After RNA isolation, Invitrogen fi rst-strand synthesis with retrovirus-derived 

reverse transcription and random hexamers was performed. Gene-specifi c 

primers were designed with Primer Express software (Applied Biosystems). 

SYBR green real-time quantitative PCR was used to amplify genes from the 

reverse-transcribed cerebellar RNA. 18S ribosomal subunit primers were 

used to normalize cDNA loading amounts ( 80 ). Gel electrophoresis and melt 

curves were used to confi rm amplicon identity. For primer design, coding se-

quence was blasted against the mouse sequence database of National Center for 

Biotechnology Information to determine unique sequence regions for primer 

selection, which was then input to PrimerExpress software from ABI. Six pooled 

samples with four mouse cerebella per pool were used for each PCR. 1  � l of 

this RT reaction was serially diluted 10-fold fi ve times. The fi rst dilution was 

used as template for gene-specifi c priming, and the three terminal dilutions were 

used for 18S loading controls. The ratio of cycle threshold (Ct) for 18S was 

used to correct loading errors. The corrected values were then used to calculate 

three separate Ct diff erences, and these diff erences were then used to compute 

the average Ct diff erence and column statistics. 

 Western immunoblotting 
 Western blotting using standard 10% acrylamide gels and denaturing conditions 

was used to detect Trk B and phosphorylated Trks. Cerebellar tissue from con-

trol and infected mice on PN days 5 and 8 were rapidly homogenized on ice in 

RIPA buff er with dounce homogenizers. After low speed centrifugation to re-

move large debris, lysates were mixed with SDS loading buff er (5% 2-mercap-

toethanol, 2% SDS, tris, pH 8.8) and boiled, spun, and loaded onto acrylamide 

gels for electrophoresis. Protein loading was equalized by quantitation of total 

protein using a Thermo Fisher Scientifi c BCA protein assay kit with albumin 

standards. Protein was transferred to nitrocellulose membrane and blocked and 

probed with primary antibody. After development with anti – Trk B antibodies, 

the membranes were stripped with Restore Stripping Reagent (Thermo Fisher 

Scientifi c) and reprobed with anti-p490 Trk A/B antibodies. Antibodies used 

were Trk B (BD Transduction Laboratories) and p490 Trk A/B (Cell Signaling 

Technology). Secondary horseradish peroxidase – conjugated antibody detec-

tion was performed with chemiluminescence reagents (Supersignal West 

Picomole; Thermo Fisher Scientifi c) and fi lm development. 
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 For immunofl uorescence images, animals were killed and perfused with 

4% paraformaldehyde (PFA) as described above. The brains were soaked in 

cold PFA for  � 4 h, followed by three 4-h PBS washes to remove PFA from 

tissue, and then soaked until they sunk to the bottom of the container in 30% 

sucrose as a cryoprotectant during the freezing. Brains were then split mid-

saggitally, embedded in Tissue Tek freezing media, and frozen on dry ice. 

Sections were cut on a Leica cryostat at 8- � M thickness. Sections were 

probed with primary antibody and fl uorescent secondary antibodies. Primary 

antibodies used were calbindin D28 (Sigma-Aldrich), Tag-1/4D7, Mac-1 

(Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, 

Iowa), MCMV IE1 (see above), anti – H-2K d , H-2D d , H-2L d  mAb 34 – 1-2S 

(ATCC) and cleaved caspase 3 (Cell Signaling Technology). For cleaved 

caspase 3 detection, positive controls consisted of the brains from PN days 5 – 8 

mice given ethanol 8 – 12 h before harvesting. Antibody binding was detected 

with an Olympus laser confocal microscope. 

 In situ hybridization 
 Bacterial artifi cial chromosomes containing the MCMV genome were nick 

translated and biotin labeled with an Invitrogen Bionick biotin probe label-

ing kit. The reaction was stopped after 2 h when the probe size was roughly 

500 bp in length. Details of the tissue treatment have been described ( 79 ). 

After overnight hybridization, streptavidin horseradish peroxidase – conju-

gated antibodies were applied, and tyramide amplifi cation with fl uorophore 

deposition was used to detect viral nucleic acids ( 79 ). 

 Proliferation and migration assays 
 Proliferation assay.   MCMV-infected or control newborn mice were in-

jected intraperitoneally with BrdU (50  � g/g body weight) 8 d after infec-

tion. Mice were killed 6, 12, and 24 h after BrdU administration and perfused 

with 4% PFA before paraffi  n embedding. Incorporation of BrdU was assessed 

in fi ve nonadjacent sagittal sections on folia VI within the primary fi ssure. 

For analysis of proliferation, the number of BrdU-labeled nuclei per 500 nu-

cleated cells was determined in external granular layer. 

 Migration assay.   For migration assay, the MCMV-infected or control new-

born mice were injected with BrdU as described above on PN day 8. Mice 

were killed 24, 48, 72, and 96 h after BrdU administration and perfused with 

4% PFA before paraffi  n embedding. For analysis of granular cell migration, 

the number of BrdU-labeled cells/mm in each cortical layer was counted in 

fi ve nonadjacent sagittal sections of folia VI within primary fi ssure. Duodenum 

was taken for control of BrdU incorporation. 

 Microarray analysis of cerebellar RNA by quantitative PCR 
 Target labeling and hybridization for mouse exonic evidence base 

oligonucleotide – spotted array.   Cerebellar RNA was isolated from neona-

tal-infected and control-noninfected mice on PN days 5, 8, and 12 using Trizol 

reagent (Roche) and rotor homogenization. Isolation of RNA and elimination 

of DNA contamination were performed with QIAGEN RNEASY columns 

with QIAGEN DNASe. All RNA Preps submitted to the Vanderbilt Medical 

School Shared Array Resource (http://array.mc.vanderbilt.edu/) were run on 

an Agilent 2100 Bioanalyzer to assess RNA integrity. Those samples meeting 

minimum requirements of RI n  value of 7.0 and greater were used to generate 

cDNA targets for hybridization to spotted arrays in the following manner: 

5 – 10  � g of total RNA from each sample was reverse transcribed at 42 ° C using 

400 U Superscript II (Invitrogen) in the presence of 6  � g of anchored oligo dT 

and an amino-allyl – tagged dUTP (Sigma-Aldrich). Additionally, RNA spike-

in controls (Ambion) were added at concentrations ranging from 0 to 200 pg 

per spike per reverse-transcription reaction. These eight control spike-ins 

 hybridize to the Ambion control spots on VMSR arrays. Final concentrations 

of dNTPs in the reaction were 200uM dA,dG,dC, 51uM dT, and 149uM 

AAdUTP (Sigma-Aldrich). cDNA targets generated were incubated with 

NaOH to hydrolyze any remaining total RNA, and then neutralized with HCl 

and purifi ed over Qiaquick PCR purifi cation columns (QIAGEN) according 

to the manufacturer ’ s protocol, with the following exception: two washes were 

completed with 80% ETOH instead of PE buff er, and the elution was com-
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