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Abstract  47 
 48 

In developed countries, cytomegalovirus (CMV)-infected newborns are at high risk of 49 

developing sensorineural handicaps, such as hearing loss, requiring extensive follow-up. 50 

However early prognostic tools for auditory damage in children are not yet available. In the 51 

fetus, CMV infection leads to early olfactory bulb (OB) damage, suggesting that olfaction 52 

might represent a valuable prognosis for neurological outcome of this viral infection. Here, 53 

we demonstrate that in utero CMV inoculation causes fetal infection and growth retardation 54 

in mice of both sexes. It disrupts OB normal development, leading to disproportionate OB cell 55 

layers and rapid major olfactory deficits. Olfaction is impaired as early as day 6 post-birth in 56 

both sexes, long before the emergence of auditory deficits. Olfactometry in males reveals a 57 

long-lasting alteration in olfactory perception and discrimination, particularly in binary 58 

mixtures of monomolecular odorants. While sensory inputs to the OB remain unchanged, 59 

hallmarks of autophagy are increased in the OB of 3-postnatal week-old mice, leading to local 60 

neuroinflammation and loss of neurons expressing thyrosine hydroxylase and calbindin. At 61 

the cellular level, we found CMV-infected cells and an increased number of apoptotic cells 62 

scattered throughout all the OB layers while cell proliferation in the neurogenic subventricular 63 

zone was decreased. These cellular observations were long-lasting since they persist up to 16 64 

weeks after birth in both males and females, thus providing a mechanism supporting olfactory 65 

loss. Despite obvious differences in neurogenesis between human and mouse, these findings 66 

offer new strategies aimed at early detection of neurological dysfunctions caused by 67 

congenital infections. 68 

 69 

Key words: hyposmia, perception, discrimination, deafness, interneuron, dopaminergic 70 

neuron, microglia, olfactory bulb, subventricular zone.  71 
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Significance Statement 72 
 73 

In developed countries, congenital CMV infected newborns are at high risk of developing 74 

sensory handicaps such as hearing loss thus requiring prolonged follow-up. In this study, we 75 

describe, for the first time, the functional impact of congenital CMV infection on the olfactory 76 

system and its associated sense of smell. We demonstrate that a mouse model of congenital 77 

CMV infection shows defects in OB normal development and pronounced olfactory deficits, 78 

affecting acuity and discrimination of odorants. These major olfactory deficits occur long 79 

before the emergence of auditory deficits, through the upregulation of OB autophagy inducing 80 

local neuroinflammation and altered neuron content. Our findings provide new opportunities 81 

for designing olfactory means to monitor the possible neurological outcome during congenital 82 

CMV infection.  83 
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Introduction 84 

The high sero-prevalence of Herpes virus type-5 or CMV constitutes a major public health 85 

concern due to possible sequelae in the fetus and newborn, and the absence of vaccines or 86 

curative treatments (Teissier et al., 2011; Manicklal et al., 2013). CMV is transmitted through 87 

bodily fluids likely by the oral and/or the intranasal route (Farrel et al., 2016; Jackson and 88 

Sparer, 2018). Infection is usually asymptomatic or can have a flu-type presentation, except 89 

when transmitted from mother to fetus. CMV belongs to the TORCH class of agents affecting 90 

the fetal/neonatal brain that is transmitted in utero or intrapartum. These agents include 91 

Toxoplasmosis, Rubella, Herpes simplex and recently Zika virus (Coyne and Lazear, 2016). 92 

In developed countries, CMV infection is the leading cause of congenital malformations. 93 

During pregnancy, CMV infects the placenta with varied outcomes ranging from fetal growth 94 

retardation to irreversible birth defects, depending on maternal immunity and gestational age 95 

(Pereira and Maidji, 2008; Fornara and al., 2017). Very few prognostic tools for neurosensory 96 

sequelae have been developed; these include ultrasound examination for macroscopic brain 97 

abnormalities and viral burden at birth (Forner et al., 2015). 0.5-2 percent of newborns are 98 

CMV-infected and are at high risk of developing learning disabilities and hearing loss, 99 

requiring prolonged follow-up care (Williamson et al., 1992; Townsend et al., 2013).  100 

CMV exhibits particular tropism for neural stem cells of the olfactory system of 101 

fetuses (van Den Pol et al., 1999; Odeberg et al., 2006; Teissier et al., 2014), thus lesioning 102 

the OB, but no study has hitherto examined the impact of the virus on olfaction. Other studies 103 

have reported olfactory deficits caused by neurotoxic and viral lesions (Lazarini et al., 2012; 104 

Lazarini et al., 2014; Tian et al., 2016). Because olfactory cues guide many behaviors, 105 

especially at early stage in life, most importantly feeding and social behaviors, it is plausible 106 

that CMV induced behavioral changes resulting from olfactory deficts.  107 

Olfaction is the first sensory modality to develop during fetal life in mammals, long 108 
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before vision and audition (Sarnat and Yu, 2016). Odor processing begins in olfactory sensory 109 

neurons (OSN) of the nasal epithelium, and then proceeds into the OB, followed by primary 110 

olfactory cortex (Whitman and Greer, 2009). In humans, OSN olfactory receptors appear at 111 

gestational 8 weeks (W8; see for instance Bradley and Mistretta, 1975). OSN are functional in 112 

the fetus as shown by evidences for antenatal learning of odors and olfactory responses of 113 

preterm neonates (Engen et al., 1965; Shaal et al., 1998; Schaal et al., 2000). Olfactory 114 

reflexes constitute a useful test in the neurological examination of the term neonates (Sarnat, 115 

1978). Indeed, the neural circuitry underlying the sense of smell is established between the 116 

end of second trimester and early childhood, including a critical period identified in 117 

epidemiologic studies (Kennedy et al., 2016). Axons from OSN project to the OB, where they 118 

form synapses on the dendrites of mitral/tufted cells, the main projection neurons of the OB, 119 

in organized structures called glomeruli. The OB constitutes a usual entry portal for many 120 

neurotropic viruses, including CMV, via anterograde transport along OSN from the nasal 121 

epithelium or OB capillaries (Monath et al., 1983; Winkler et al., 2015; Farrell et al., 2016; 122 

Wheeler et al., 2017). Fetal OB infection might cause irreversible neuron damage thus 123 

immediate olfactory deficits, preceding the delayed hearing loss that is usually observed. For 124 

this reason, early detection of olfactory impairment might represent a valuable prognostic tool 125 

for these congenital infections. 126 

To address the impact of CMV on olfaction, we investigated olfactory behavior in an 127 

animal model of congenital CMV infection (Sakao-Suzuki et al., 2014). We show that viral-128 

infected mice display OB development abnormalities and pronounced olfactory deficits, long 129 

before the emergence of auditory deficits. These findings provide the rational for designing 130 

new olfactory tests to monitor the possible neurological outcomes of these viral infections. 131 
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Materials and Methods 132 

Ethics statement. All animal procedures were performed in accordance to the French 133 

legislation and in compliance with the European Communities Council Directives 134 

(2010/63/UE, French Law 2013-118, February 6th, 2013), according to the regulations of 135 

Inserm and Pasteur Institute Animal Care Committees. The Animal Experimentation Ethics 136 

Committee (CETEA 89) of the Pasteur Institute has approved this study (2015-0028). Mice 137 

were housed in isolators and manipulated in class II safety cabinets in the Pasteur Institute 138 

animal facilities accredited by the French Ministry of Agriculture for performing experiments 139 

on live rodents. 140 

 141 

CMV transplacental inoculation. Pups of timed Oncins France 1 (OF1) pregnant mice from 142 

Charles Rivers were intraplacentally inoculated under anesthesia (isoflurane) with 2 μl of 143 

murine CMV (Smith strain, ATCC VR-1399, at 10(4.75)TCID50/0.2 ml) or PBS at 144 

embryonic day 13 (E13) as previously described (Sakao-Suzuki et al., 2014).  145 

 146 

Design and groups. Following in utero intraplacental inoculation, mice (total n=81) were 147 

divided in two groups, control (CTL) and CMV-infected mice (CMV) for two separate 148 

experimental sets. 149 

Experimental set 1. Impact of congenital CMV infection on growth, olfaction, 150 

olfactory epithelium (OE), OB and SVZ of pre-weaning mice (Fig. 1C, Figs. 2 and 5). This 151 

first set comprises a total of 56 inoculated mice (CTL: n=21, including 15 males; CMV: n=35, 152 

including 25 males). Olfaction was assessed at 6 and 8 days after birth using 18 CTL and 19 153 

CMV, that were randomly chosen (see Fig. 2). The body weight was assessed at day 8 after 154 

birth for all the pups (see Fig. 1C). Immunohistochemistry and immunoblot were performed 155 

at day 21 after birth using 10 mice per group (6 animals for immunohistochemistry and 4 156 
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animals for immunoblot) that were randomly chosen (see Fig. 5). 157 

Experimental set 2. Impact of congenital CMV infection on hearing, olfaction, OB and 158 

SVZ of weaning mice (Fig. 1D, 1E, Figs. 3, 4 and 6). This second set comprises a total of 25 159 

inoculated mice (CTL: n=13, including 11 males; CMV: n=12, including 8 males). The 160 

presence of CMV nucleic acids was assessed by PCR in all the mice at W3 in saliva samples. 161 

We chose to investigate hearing and olfactory behavior in only male mice as the sample size 162 

for females is too small to reach the needed power for statistical analysis. Hearing was 163 

assessed in 8 CMV male mice at W4 and W16 after birth and in 8 CTL male mice that were 164 

randomly chosen (see Fig. 1E). Olfactory tests were conducted at W4 after birth using all the 165 

male mice (CTL: n=11; CMV: n=8; see Figs. 3, 4). Following one week of training in 166 

olfactometers, olfactory tests lasted 7 weeks (Fig. 1A). Simple and difficult olfactory 167 

discrimination (monomolecular odorants and odorant mixtures) was assessed at W5-7 and 168 

W8-9, respectively. Olfactory perception was assessed at W10-11. Buried food finding was 169 

performed at W12 on the same mice. Olfactory memory was also assessed at W16. 170 

Immunohistochemistry was performed at W16 after birth using 15 mice (CTL: n=7, including 171 

5 males; CM: n=8, including 4 males) that were randomly chosen (see Fig. 6). 172 

 173 

Data Analysis and Statistics. Data were analyzed using GraphPad Prism (GraphPad 174 

Software, USA). Results are expressed mean ± SEM. The statistical test and sample size (n) 175 

for each experiment are specified in the figure legend. Sex ratio was compared between 176 

groups using Fisher’s exact test. Correlation analysis was performed using non-parametric 177 

Spearman test. For odorant discrimination tasks in olfactometers, data were analyzed by two-178 

way repeated measures analysis of variance (ANOVA). Other data were analyzed by Gehan-179 

Breslow-Wilcoxon, Mann-Whitney or Wilcoxon matched-pairs signed rank tests as 180 

appropriate. We took p values less than 0.05 to be significant. 181 
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 182 

PCR analysis. To confirm the CMV infection, saliva samples were collected at W3 and 183 

harvested for viral DNA extraction using a QIamp DNA micro Kit (Qiagen, Germany). A set 184 

of oligonucleotide primers from the murine CMV gene was selected on the DNA sequence 185 

designed by the ATCC (GenBank accession number U68299). The base sequences coding for 186 

UL73 for PCR were as follows: forward primer, 5’-GAA-GGT-TCG-TCG-TCG-TCG-AAG-187 

3’; and reverse primer, 5’-TAG-CCG-TGT-CTG-AGG-TGA-AGG-3’. Template DNA was 188 

prepared by a series of phenol-chloroform extractions (DNA mini kit Qiagen, Germany), and 189 

1 μl of sample DNA was added to the reaction mixture before amplification. The final 190 

mixture using PCR kit Qiagen was as follows: tampon 10X (2.5 μl), MgCl2 (1 μl), dNTP (1 191 

μl), H20 (13.3 μl), Taq polymerase (0.2 μl), forward primer (1 μl), reverse primer (1 μl), 192 

template DNA (1 μl). The DNA reaction mixture was then amplified: step 1 – 3 minutes at 94 193 

°C x 1 cycle; Step 2 – 3 minutes at 94 °C, 30 seconds at 60 °C, 1.5 minutes at 72 °C x 35 194 

cycles. The amplified DNA was electrophoresed on 1.0% agarose gels, stained with ethidium 195 

bromide, and photographed. 196 

 197 

Odorants. All non-social odorants were monomolecular compounds from Sigma (France), 198 

dissolved in water or mineral oil as indicated. Citral has lemon scent; n-butanol has a rancid 199 

scent; D-limonene has orange scent; citronellal has citronella scent; anethol has aneth (or 200 

anise) scent; and IsoAmylAcetate has banana scent. 201 

 202 

Auditory brainstem Responses (ABR). Hearing loss was assessed using ABR (OtoPhylab, RT 203 

Conception, France) as described (Nguyen et al., 2009; Scimemi et al., 2014). Needle 204 

electrodes were placed subcutaneously under anesthesia with ketamine (40 mg/kg) and 205 
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xylazine (4mg/kg). The reference electrodes were inserted beneath the pinna of the ears, the 206 

ground beneath the skin of the neck and the active electrode beneath the skin of the back. 207 

Headphones with appropriate earplugs were used as acoustic transducers. Clicks were 208 

delivered in range 12-30 Hz. Filter settings were at 150-3000 Hz. Responses from 1000 209 

sweeps were averaged at each intensity level. Initially, the click intensity was reduced by 20 210 

or 10 dB steps sound pressure level (SPL) then by 5 dB SPL steps near threshold. A 211 

contralateral auditory masking was used for high intensity stimulations (> 45 dB). The 212 

threshold was defined as the lowest intensity at which a clear IV waveform was visible in the 213 

evoked trace and was determined by visual inspection of the responses in blind of the mouse 214 

group. 215 

 216 

Recording and analysis of ultrasonic vocalizations. To assess olfaction in 6-8 day-old pups, 217 

we used custom-made olfactometers (Lemasson et al., 2005) to measure the number of 218 

ultrasonic vocalizations emitted after isolation as an index of odorant detection. The recording 219 

of ultrasonic calls began 30s after placing the pup in the custom-made chamber isolator of 220 

olfactometers as described previously (Lemasson et al., 2005). Ultrasonic vocalizations were 221 

detected using an ultrasonic microphone connected to a bat detector (frequency range 10-222 

130kHz, Magenta BAT5 digital bat detector, RSPB, UK) that converts ultrasonic sounds to 223 

the audible frequency range. Using the broadband 60kHz output of the detector, ultrasonic 224 

calls were sampled, recorded and analyzed using Audacity open software 225 

(www.audacityteam.org). Ultrasonic emissions were recorded during the 5-min-isolation time 226 

of the pup into the olfactometer during three successive test periods: the first period without 227 

any odorant (1min), the second period with exposure to social or non-social odorant (1mn) 228 

and the last period with exhaust odorant (1min and 30s). The social odorant is a male scent 229 

from 10 g of soiled bedding from a group of 6 unfamiliar male adult OF1 mice. The non-230 
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social odorant is an odorant scent delivered from 10ml of liquid 10% mineral oil dilution of 231 

citral. After testing, pups were immediately put back with their mother. The mean rate of 232 

ultrasonic emissions (call/min) was computed for each time block. 233 

 234 

Buried food-finding test. To assess olfaction in adult mice, we used the buried food finding 235 

test after 20h of food deprivation as described (Lazarini et al., 2012). About 10 pieces of 236 

“Coco Pops” cereals were hidden in the corner of the test cage under the bedding. The mouse 237 

was placed in the opposite corner and the latency to find the food within a 15-min period was 238 

recorded food (defined as the time to locate cereals and start digging). Thirteen minutes later, 239 

mice performed the same test but with visible coco pops, positioned upon the bedding. 240 

 241 

Olfactometry in weaning mice. Mice were partially water-deprived by receiving 1-2 ml/day 242 

of water for one week and then trained on a "go-no go" discrimination task in computer 243 

controlled olfactometers with custom-made mouse chamber isolator. As previously described 244 

(Alonso et al., 2012), mice were trained to respond to the presence of an odorant (positive 245 

stimulus, S+) by licking the water delivery tube situated out of the odorant sampling port (5 246 

cm distance). They were also trained not to respond on the presentation of another odorant or 247 

solvent (negative stimulus, S-). A single stimulus (S+ or S-) was randomly presented at each 248 

trial. Each series of 20 trials (block) comprises 10 presentations of the rewarded odorant and 249 

10 presentations of the non-rewarded odorant. 250 

Licking response following an S+ trial and no licking following an S– trial are scored 251 

as correct, and called hit and correct rejection respectively. About 10 μl of water were 252 

delivered as a reward in a hit. A licking response following an S- trial and no licking 253 

following an S+ trial was scored as error and named false alarm and miss respectively. 254 

Accuracy (percentage of correct responses) was scored for each series of 20 trials [(hits 255 
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+correct rejections)/20 X 100]. Olfactory performances were assessed using monomolecular 256 

odorant compounds and binary odorant mixtures. Mice were given a session of 8 to 10 series 257 

of 20 trials per day. All odorants were diluted just before the experiments, and their 258 

concentrations are given as the dilution of the odorant in the saturator bottles. 259 

Odorant detection threshold. Mice were trained in olfactometers to recognize n-butanol as 260 

the rewarded stimulus (S+). Mice have to detect successively descending decimal 261 

concentrations of n-butanol (S+) diluted in water. In each session, water served as the S–. 262 

Mice were given one to two sessions per day with one decimal dilution of the odorant per 263 

session. The session ended at the criterion performance achievement (≥ 75 % of correct 264 

response in the series of 20 trials). If the criterion performance was not achieved in two 265 

successive sessions with the same odorant dilution, the preceding dilution was considered as 266 

the detection threshold. 267 

 268 

Odorant discrimination tasks. Mice were trained to discriminate between: 269 

- D-limonene (dilution 10-2 in mineral oil, S+) and Citronellal (dilution 10-2 in mineral oil, S) 270 

(simple discrimination task); 271 

- D-limonene (dilution 10-2 in mineral oil, S+) and Anethol (dilution 10-2 in mineral oil S-) 272 

(simple discrimination task); 273 

- 0.1% Isoamylacetate (dilution 10-3 in water, S+) and Anethol (S-) diluted in mineral oil 274 

(simple discrimination task). 275 

Then, olfactory discrimination performance was assessed for two Isoamylacetate -276 

Anethol mixture tasks (difficult discrimination task) as follows: 277 

- in the first task, S+ was a solution of 0.8% Isoamylacetate and 0.2% Anethol, and S– was a 278 

solution of 0.2% Isoamylacetate + and 0.8% Anethol; 279 

- in the second task, S+ was a solution of 0.6% Isoamylacetate and 0.4% Anethol, and S– was 280 
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a solution of 0.4% Isoamylacetate and 0.6% Anethol. 281 

 282 

Long-term memory test.  283 

Mice were given 4 daily training sessions of 8 blocks of 20 trials for D-limonene Anethol 284 

discrimination task (S+ was a solution of D-limonene at dilution 10-2 in mineral oil, and S- 285 

was a solution of Anethol dilution 10-2 in mineral oil). Mice were then left for 30 days in 286 

their home cages, subjected to partial water deprivation for the 7 last days. No water was 287 

given on day 29; the following day, each mouse was subjected to a 20-trial memory test for 288 

the 2-odorant tasks. No reinforcement (reward) was given for correct responses in this 289 

session. 290 

 291 

Immunohistochemistry, confocal imaging and quantification. Mice were anesthetized with 292 

sodium pentobarbital (i.p., 100 mg/kg, Sanofi, France) and perfused transcardially with a 293 

solution containing 0.9% NaCl and heparin (5x103 U/ml, Sanofi) followed by 4% 294 

paraformaldehyde in phosphate buffer. OE and brain were removed and postfixed by 295 

incubation in the same fixative overnight. OE were cryoprotected by incubation in 30% 296 

sucrose in PBS overnight, and then embedded in Tissue-tek (Sakura). OE 20-μm-thck 297 

transverse sections were obtained using a cryostat (CM3050S, Leica) and were thaw-mounted 298 

onto coated glass slides (Superfrost Plus). Forty-micrometer coronal brain sections were 299 

obtained using a vibrating microtome (VT1000S, Leica). Immunostaining was performed on 300 

free-floating sections for brain slices and fixed sections for OE as described (Siopi et al., 301 

2016). Sections were blocked in 0.2% Triton, 4% bovine serum albumin (BSA, Sigma) and 302 

2% goat serum and incubated overnight with primary antibodies at 4°C followed by an 303 

incubation step with secondary antibodies (biotinylated or Alexa-conjugated secondary 304 

antibodies, Jackson ImmunoResearch Laboratories) at room temperature. Primary antibodies 305 
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used in this study and their working dilutions are listed in the Table 1.  For immunolabelling 306 

of either murine CMV (Cekinović et al., 2014), TH, anti-ionized calcium binding adaptor 307 

molecule (Iba1), and cluster of differentiation (CD) 68, brain sections were preincubated for 308 

20 minutes in citrate buffer 0.1 M pH 9.0 at 80°C. Fluorescent sections were stained with the 309 

nuclear dye 4ʹ,6ʹ-diamidino-2-phenylindole (DAPI) and then mounted in Fluoromount 310 

solution (cBioscience). Immunoperoxydase-labeled cells were developed using the ABC 311 

system (Vector Laboratories) and 3,3ʹ-diaminobenzidine (0.05%, Sigma) as chromogen, and 312 

then sections were mounted in Depex medium.  313 

For cell counting, 6 OE consecutive slices from the posterior nasal cavity and 4-8 314 

brain slices separated by120 μm were selected for each animal. Whole-OE, OB or SVZ 315 

mosaics were obtained using an Olympus BX51 microscope (20X objective) and the Compix 316 

Imaging software (Hamamatsu Photonics) for the analysis of immunoperoxidase-labeled 317 

cells, or the spinning disk confocal microscope Cell Voyager (CV1000, Yokogawa) for the 318 

analysis of immunofluorescent-labeled cells. The borders of the OE septum, SVZ, rostral 319 

migratory stream (RMS), glomerular layer (GL), and granule cell layer (GCL) were 320 

delineated blinded to the results. The glomerulus area was assessed by measuring the area 321 

occupied by OMP. The thickness of the OE was measured on each side of the dorsal septum, 322 

as the total distance between the basement membrane and the top of the ciliary layer in 0.1% 323 

cresyl violet solution (Nordic BioSite)-stained sections. Positive cells were automatically 324 

counted using the “spot detector” tool of the Icy open source platform (de Chaumont et al., 325 

2012). For the quantification of OSN-positive cells in the OE, 6-7 zones between the 326 

basement membrane and the top of the ciliary layer were analysed per section of the olfactory 327 

mucosa situated in the dorsal septum of the posterior nasal cavity zones.  328 

 329 

Protein blotting and quantification. OBs were dissected, snap frozen in liquid nitrogen and 330 
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lysed in RIPA lysis buffer (25mM Tris-HCl (pH 7.6), 150mM NaCl, 1% NP-40, 1% sodium 331 

deoxycholate, 0.1% SDS) (Pierce Thermo Scientific) and protease (complete, Roche) and 332 

phosphatase (phosSTOP, Roche) inhibitors. Protein concentration was measured with Pierce 333 

BCA protein Assay Kit. Tissue lysates were mixed with 4× NuPage LDS loading buffer 334 

(Invitrogen), 25ug of protein were loaded on a 4–12% SDS polyacrylamide gradient gels 335 

(Invitrogen) and subsequently transferred by semi-dry or wet transfer onto a PVDF membrane 336 

(Trans-blot Turbo Mini PVDF, Biorad). The blots were blocked in 5% BSA in Tris-buffered 337 

saline with Tween (TBST) and incubated overnight with primary antibodies at 4°C. Primary 338 

antibodies used in this study and their working dilutions are listed in the Table 1. To detect 339 

protein signal, the following Horseradish peroxidase (HRP)–conjugated secondary antibodies 340 

were used: Goat Anti-Rabbit IgG (H + L)-HRP Conjugate (1:6000, 1706515, Biorad) and 341 

Goat Anti-Mouse IgG1 heavy chain (HRP) (1:6000, ab97240, abcam). Chemiluminescence 342 

detection of proteins was performed with Luminata Crescendo Western HRP Substrate 343 

(Merck Millipore) with a Chemidoc Imaging System (Biorad). Bands were quantified using 344 

the NIH Fiji software.  345 
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Results  346 

Impact of congenital CMV infection on growth and hearing 347 

In utero intraplacental inoculation of murine CMV was performed in timed pregnant mice (E 348 

13) under deep anesthesia (Fig. 1A-B). Earlier studies demonstrate that this model 349 

recapitulates many features of congenital human CMV infection (Sakao-Suzuki, 2014). First, 350 

we confirm that transplacental CMV inoculation causes fetal infection using saliva PCR assay 351 

for CMV genome detected in virus-inoculated mice but not in CTL ones (saliva specimen 352 

collected at W3: n=12 CMV, n=13 CTL). Second, we found a strong male bias at birth for 353 

both CTL and CMV groups (male-female ratio: CTL: 3.25; CMV: 2.36, Fisher’s exact test, 354 

p=0.62, n= 34 CTL, n=47 CMV). These findings suggest a differential survival rate of 355 

embryoes due to both the transplacental inoculation and the virus injection. In humans, the 356 

sex ratio seems more favorable to girls in case of congenital CMV infection (Watt et al., 357 

2016). Third, we confirmed that our model induces developmental retardation reminiscent of 358 

congenital CMV infection in humans (Fig. 1C, mean ± SEM body weight at 8 day: CTL: 359 

7.065 ± 0.1 g; CMV: 6.44 ± 0.11g, Mann-Whitney U (52)=151, p=0.0005, n=21 CTL, n=35 360 

CMV). Severe growth retardation was observed in 25% of 8-postnatal day-old offsprings 361 

exposed to infection in utero (9 pups out of 34), consistent with a previous report (Li and 362 

Tsutsui, 2000). Third, we confirmed that this model develops a progressive hearing loss 363 

phenotype reminiscent to what has been reported in infants with congenital CMV infection 364 

(Fig. 1D-E, CMV vs CTL). Recordings of auditory brainstem responses (ABR) show an age-365 

dependent sensorineural hearing loss in CTL and CMV-infected mice (Fig. 1E; W4 vs W16: 366 

Hearing threshold: CTL: Wilcoxon matched-pairs signed rank test, p=0.0156; CMV: 367 

Wilcoxon matched-pairs signed rank test, p=0.0078, n=8 CTL, n=8 CMV). ABR show no 368 

difference in hearing thresholds between control and infected mice at W4 after birth but 369 
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increase by about 20 dB in W16- infected mice (Fig. 1E; CMV vs CTL: Hearing threshold: 370 

W4: Mann-Whitney U (14)=24, p=0.44; W16: Mann-Whitney U (16)=2, p=0.0005, n=8 CTL, 371 

n=8 CMV), consistent with previous reports (Juanjuan et al., 2011; Schachtele et al., 2011; 372 

Bradford et al., 2015). Altogether these findings indicate that transplacental CMV inoculation 373 

causes fetal infection, growth retardation and progressive hearing deterioration in mice.  374 

 375 
 376 

Impact of congenital CMV infection on neonate olfaction 377 

To address olfactory abilities in very young pups following congenital CMV infection, we 378 

recorded their ultrasonic vocalizations emitted when exposed to odorants in olfactometer (Fig. 379 

2). We found that pups with placental CMV infection exhibit impaired olfactory perception as 380 

early as 6 days post-birth (Fig. 2). After separation from their mother and isolation in an 381 

olfactometer chamber, pre-weaning pups aged 6-8 days produce ultrasonic calls that promote 382 

mother-offspring interaction (Fig. 2A-F), consistent with previous reports (Branchi et al., 383 

1998; Lemasson et al., 2005). CMV-infected pups also emit such ultravocalizations following 384 

isolation as a distress signal (Fig. 2E,H,I). No difference in the number of emitted 385 

ultravocalization was found between CTL and CMV-infected pups (Fig. 2E, CTL vs CMV: 386 

Number of calls/min in the first minute of isolation (with no olfactometer emission of 387 

odorant): Mann-Whitney U (35)=169.5, p=0.97, n=18 CTL, n=19 CMV) as well as between 388 

male and female pups of the two groups (data not shown). As expected and in line with 389 

previous studies (Branchi et al., 1998; Lemasson et al., 2005), CTL pups decrease their 390 

emission of calls in response to exposure to non-social or social odorant molecules, such as 391 

citral or male scent, respectively (Fig. 2F, 2H; no odorant vs citral (Fig. 2F): Number of 392 

calls/min: Wilcoxon matched-pairs signed rank test, p<0.0001, n=18 CTL; no odorant vs male 393 

scent (Fig. 2H): Number of calls/min: Wilcoxon matched-pairs signed rank test, p<0.0078, 394 

n=8 CTL). In contrast, congenital CMV infection impairs the ultrasonic call responses 395 
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triggered by the two scents, indicating an alteration of olfactory perception induced by the 396 

virus (Fig. 2E, 2G and 2I). Figs. 2E and 2G reveal olfactory dysfunction revealed by the lack 397 

of inhibition of ultravocalization when pups are exposed to citral, as early as the sixth day 398 

after birth (Fig. 2E : CTL vs CMV: Number of calls/min when citral exposition: Mann-399 

Whitney U (35)=61.5, p=0.0005, n=18 CTL, n=19 CMV;  Fig.2G: CMV : Number of calls 400 

/min  when citral exposition, Wilcoxon matched-pairs signed rank test, p=0,67, n=19 CMV). 401 

Similarly, Fig. 2I shows impairment in detecting male scent in CMV-infected mice (no 402 

odorant vs male scent: Number of calls/min: Wilcoxon matched-pairs signed rank test, 403 

p>0.99, n=11 CMV).  404 

 405 

Impact of congenital CMV infection on odorant detection in weaning mice 406 

Given the early detrimental effects of congenital CMV infection in neonate olfaction, we 407 

assessed olfactory-driven behavior of infected mice at W16 after in utero viral inoculation to 408 

investigate potential long-lasting effects. Consistent with defective olfaction, CMV-infected 409 

mice exhibited impaired hidden food search (Fig. 3A, CMV vs CTL: Latency: Gehan-410 

Breslow-Wilcoxon test, Chi2=4.032, p=0.045, n=11 male CTL, n=8 male CMV), but not 411 

when food was made visible (Fig. 3B, CMV vs CTL: Latency: Gehan-Breslow-Wilcoxon test, 412 

Chi2=0.007, p=0.935, n=11 male CTL, n=8 male CMV). This latter control paradigm 413 

indicates that the deficit in this behavioral test is genuinely olfactory and not related to 414 

another modality. Three olfactory dimensions could be compromised by CMV infection: 415 

odorant detection, discrimination and/or learning. To specify if they were equally impaired, 416 

congenitally-infected mice were tested one month after birth using automated olfactometers 417 

(Fig. 3C).  418 

We investigated olfactory sensitivity by determining the detection threshold for n-419 

butanol odorant, using the descending method of limits in a two-odorant rewarded 420 



   Section: Development/Plasticity/Repair 

discrimination task. Mice were subjected to two sessions per day with a one decimal dilution 421 

of the odorant per session. As shown in Fig. 3D, CMV-infected mice needed more trials to 422 

learn to distinguish between n-butanol and its water solvent (CMV vs CTL: block number to 423 

criterion: Gehan-Breslow-Wilcoxon test, Chi2=8.945, p=0.028, n=11 male CTL, n=8 male 424 

CMV). CMV infection resulted in an increase of around three orders of magnitude in the 425 

detection threshold of the odorant (Fig. 3E, left, CMV vs CTL: Threshold: Mann-Whitney U 426 

(15)=9, p=0.0104, n=11male CTL, n=6 male CMV). While all control mice were able to 427 

detect diluted n-butanol, 2 CMV-infected mice out of 8 were unable to achieve the 428 

performance criterion even for pure n-butanol (Fig. 3E, right). We therefore conclude that 429 

congenital CMV infection dramatically impairs odorant detection in neonate as well in adult 430 

mice, thus affecting several critical olfactory-driven behaviors. 431 

 432 

Impact of congenital CMV infection on odorant discrimination and olfactory memory 433 

Given the strong effects of CMV on olfactory perception, we investigated the possible impact 434 

on olfactory discrimination. The same paradigm was used in weaning male mice for simple 435 

olfactory discrimination between two odorants and for difficult olfactory discrimination 436 

between binary mixtures of odorants (Fig. 4), using strong concentrations. We found that 437 

CMV-infected mice have altered odorant discrimination, in particular when binary mixtures 438 

of monomolecular odorants were used (i.e., difficult task). CMV infection alters the ability of 439 

mice to learn to discriminate between Isoamylacetate and Anethol (Fig. 4A, repeated measure 440 

two-way ANOVA, Fvirus (1,17)=5.837, p=0.027). In the difficult discrimination task of 441 

Isoamylacetate-Anethol mixtures (Fig. 4B), the 6/4 vs 4/6 mixtures could not be correctly 442 

discriminated by CTL and CMV-infected mice (Fig. 4B, right). When using more contrasted 443 

mixture (e.g., 8/2 vs 2/8 mixtures) only CTL mice discriminated the odorants while CMV-444 

infected animals performed the task at chance level (Fig. 4B, left, repeated measure two-way 445 
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ANOVA, Fvirus (1,17)=14.63, p=0.0014). Even when infected mice successfully completed 446 

two-odorant discrimination tasks in easy problems, they needed more trials to complete these 447 

tasks. CMV-infected mice required more trials than CTL to learn to discriminate between 448 

Isoamylacetate and Anethol (Fig. 4C, CMV vs CTL: block number to criterion: Gehan-449 

Breslow-Wilcoxon test, Chi2=4.56, p=0.033, n=11 male CTL, n=8 male CMV), D-Limonene 450 

and Citronellal (Fig. 4D, CMV vs CTL: block number to criterion : Gehan-Breslow-Wilcoxon 451 

test, Chi2=7.425, p=0.006, n=11 male CTL, n=8 male CMV) or D-Limonene and Anethol 452 

(Fig. 4E, CMV vs CTL: block number to criterion : Gehan-Breslow-Wilcoxon test, 453 

Chi2=4.735, p=0.03, n=11 male CTL, n=8 male CMV).  454 

Analysis of long-term olfactory memory suggests no differences between CMV-455 

infected and CTL mice despite a trend for lower score in infected animals (Fig. 4F, CMV vs 456 

CTL: % correct responses at W16: Mann-Whitney test, U (17)=27.5, p=0.1788, n=11 CTL, 457 

n=8 CMV). Altogether these data indicate that CMV-inoculated mice exhibit poorer odorant 458 

detection and olfactory discrimination while olfactory memory seems intact. 459 

 460 

Congenital CMV infection leads to OB neuroinvasion, apoptosis and inflammation  461 

Bridging the nose to higher brain structures, the OB circuit constitutes the first central relay 462 

station of the olfactory system. The olfactory deficits we reported here may result from 463 

damage to the OB circuit by CMV-induced lesions in the placenta, and/or impairment of the 464 

olfactory system (Fig. 5A). Immunohistochemical analysis of brains at W3 after birth reveal 465 

viral expression in all the OB layers of CMV-infected male mice (Fig. 5B) as well all in the 466 

SVZ (Fig. 5D, down), consistent with previous studies (Han et al., 2007; Cekinovic et al., 467 

2008). These data indicate that in our animal model, transplacental CMV inoculation causes 468 

embryo infection, neuroinvasion and long-term viremia in the OB lasting, at least, three 469 

weeks after birth. Moreover, immunohistochemistry and immunoblot experiments reveal that 470 
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viral expression in the OB is accompanied by increased apoptosis (Fig. 5B-C). In particular, 471 

we found an increased number of cleaved Caspase 3 (Casp3)-positive apoptotic cells (Fig. 5B) 472 

as well as substantially increased levels of Casp3 in CMV-infected mice at W3 as compared 473 

to CTL mice by immunoblot analysis of OB proteins (Fig. 5G, CMV vs CTL: Casp3: Mann-474 

Whitney test, U(6)=0, p=0.0286, n=4 mice per group).  475 

The OB hosts a large population of resident microglial cells, the innate immune cells 476 

of the brain. OB microglial cells can be activated in response to pathological tissue changes, 477 

thus migrating to the site of injury where they proliferate and acquire new functions including 478 

phagocytic activity and cytokine secretion (Lazarini et al., 2012; Lazarini et al., 2014; 479 

Hasegawa-Ishii et al., 2017). Recent studies have indicated a critical role of OB microglia in 480 

olfactory processing (Seo et al., 2016; Denizet et al., 2017; Reshef et al., 2017). We used 481 

Iba1, a marker of both unactivated and activated microglia to visualize these immune cells in 482 

the OB of CMV-infected mice at W3 (Fig. 5D middle, 5E). We found that congenital CMV 483 

infection activates OB microglia, as indicated by a change in morphology (Fig. 5E), an 484 

increased number of Iba1-positive cells in all the OB layers (Fig. 5E) and an increased 485 

expression of Iba1 and CD68, a marker of activated microglia (Fig. 5C-E). Consistent with 486 

immunochemistry results, we found substantially increased levels of Iba1 and CD68 in CMV-487 

infected mice at W3 as compared to CTL mice by immunoblot analysis of OB proteins 488 

(Fig.  5C, 5G, CMV vs CTL: Mann-Whitney test, Iba1: U(6)=0, p=0.0286; CD68: U(6)=0, 489 

p=0.0286, n=4 mice per group). Together, these findings reveal that congenital CMV 490 

infection causes fetal infection and leads to viral expression in the OB at W3 that is 491 

accompanied by increased apoptosis and inflammation. 492 

Congenital CMV infection alters OB neuron content 493 

The level of neuroinflammation and apoptosis in the OB of CMV-infected mice at W3 494 

prompted us to check whether infection and inflammation disrupted normal OB development 495 
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and if a specific neuronal population was targeted. We observed neither global change in the 496 

bulbar architecture nor histologic change in the lamination of the OB (Fig. 5D, middle panel). 497 

In particular, the mitral cell layer was similar in shape and size to those of CTL suggesting no 498 

damage of these projection cells. Despite the presence of viral particles and microglial 499 

activation, OSN innervation to the OB of CMV-infected mice was also similar to CTLs (Fig. 500 

5D). Consistent with those observations made in the OB, the OE was similar in shape and size 501 

to those of CTL (thickness of the OE, mean ± SEM: CTL: 70.02±2.91 μm; CMV: 72.08±2.86 502 

μm, CMV vs CTL: Mann-Whitney test, U(11)=18, p=0.701, n=6 CTL, n=7 CMV). The 503 

number of OSNs also remained unchanged suggesting no damage of sensory neurons (mean ± 504 

SEM cell density of OMP positive cells (x104)/mm3: CTL: 40.44±4.20; CMV: 37.61±3.67, 505 

CMV vs CTL: Mann-Whitney test, U(10)=14, p=0.631, n=5 CTL, n=7 CMV). 506 

We subsequently assessed whether the increase in cell apoptosis induced by CMV 507 

infection could lead to substantial changes in neuronal subpopulations by visualizing CB, 508 

Calretinin (CR) and TH-positive interneurons (Fig. 5F). CB- and CR-positive cells belong to 509 

the periglomerular neuron population that surround the glomeruli. TH, the rate-limiting 510 

enzyme required for the synthesis of dopamine, is localized in periglomerular neurons and 511 

short axon cells. CB-, CR- and TH-positive cells also contain GABA and glutamic acid 512 

decarboxylase, the rate-limiting enzyme for GABA biosynthesis. We found that CMV-513 

infected mice showed a reduced population of TH-positive cells in the OB glomeruli at W3 514 

after birth (Fig. 5F, 5H, CMV vs CTL: Mann-Whitney test, U(10)=4, p=0.026; n=6 mice per 515 

group). We also observed a decreased population of CB-positive cells in the glomeruli of 516 

these infected mice at W3 (Fig. 5F, 5H, CMV vs CTL: Mann-Whitney test, U(9)=0, 517 

p=0.0043; n=5 CTL, n=6 CMV). In contrast, the cell density of CR-positive cells, is similar to 518 

CTL mice, indicating a higher vulnerability for bulbar dopaminergic and CB- expressing 519 

neurons to CMV infection (Fig. 5F, 4H, CMV vs CTL: Mann-Whitney test, U(6)=6, 520 
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p=0.6571; n=4 mice per group). The depletion of TH- and CB-positive cells observed in 521 

infected animals might reflect a direct viral tropism for this neuronal category or results from 522 

neuroinflammation-induced cell death and/or reduced neurogenesis. It is important to note 523 

that the neurogenic SVZ provides the postnatal OB with interneurons throughout its lifespan 524 

in rodents. This area gives rise to thousands of neuroblasts per day that migrate via the RMS 525 

toward the OB where they functionally integrate with pre-existing neuronal circuits and 526 

differentiate mostly into granule cells and periglomerular interneurons (Fig. 5A; Lledo et al., 527 

2006). Interestingly, we found a decrease in cell proliferation in the SVZ at W3 (Fig. 5D, 5H, 528 

CMV vs CTL male mice: Mann-Whitney test, U(9)=0, p=0.0043; n=6 CTL, n=5 CMV) 529 

supporting the hypothesis that CMV might affect SVZ neural progenitor cell proliferation and 530 

thus postnatal neurogenesis in mice (Mutnal et al., 2011). However, further experiments are 531 

needed to characterize the precise populations that are lost in the SVZ, the fate of the 532 

proliferating survivor cells and the impact on neuronal progenitor migration and survival.  533 

Finally, we subsequently assessed whether the decrease in the amount of interneurons 534 

could change the OB size. Our anatomical investigations demonstrated that CMV OB 535 

neuroinvasion was accompanied by differential changes in the relative size of the different 536 

layers of the OB at W3, including the RMS, the GL and the GCL (Fig. 5J), which is 537 

composed of GABAergic interneurons that regulate the neuronal activity of output OB 538 

neurons. To address the viral impact on the OB innervation from the periphery, we measured 539 

the glomerulus area using OMP staining. Congenital CMV infection decreased the mean size 540 

of glomeruli in infected male animals at W3 (Fig. 5J, 6D; Glomerulus area: CMV vs CTL; 541 

Mann-Whitney test, U(6)=0, p=0.0286, n=4 CTL (409 glomeruli), n= 4 CMV (304 542 

glomeruli). Additionally, the RMS/GCL area ratio is decreased in infected animals (Fig. 5J, 543 

CMV vs CTL; Mann-Whitney test, U(16)=14, p=0.025, n=10 CTL, n=8 CMV). We found a 544 

correlation between RMS and GCL sizes in CTL OBs (Spearman r=0.782, p=0.011, n=11 545 
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CTL), but not in CMV infected animals (Spearman r=0.333, p=0.428, n=8 CMV), suggesting 546 

that congenital CMV infection differentially alters the development of these OB cell layers 547 

thus leading to disproportionate OB structure. A slight difference between CTL and CMV 548 

was found for either body weight (mean ± SEM in CTL: 18.53 ± 0.50 g; in CMV: 16.94± 549 

0.54 g; U(46)=160.5, p=0.0257, n=17 CTL, n=31 CMV or brain weight 550 

(mean ±SEM in CTL: 500.8 ± 14.42 mg; in CMV: 464.4 ± 7.934 mg, 551 

U(46)=172, p=0.0490, n=17 CTL, n=31 CMV). However, no correlation was found between 552 

body and brain weight for each group (data not shown). Finally, no correlation was found 553 

between RMS and GL, GCL and GL, or GL and the mouse body weight, or brain weight and 554 

body weight at W3 in the both groups (data not shown). Thus, CMV-infected pre-weaning 555 

male mice exhibit OB proportionate and disproportionate developmental abnormalities, 556 

neuroinflammation and fewer bulbar interneuron cells that together might contribute to an 557 

olfactory deficit.  558 

 559 

Congenital CMV infection increases hallmarks of autophagy in pre-weaning mice  560 

Given the high degree of bulbar apoptosis and neuroinflammation induced by congenital 561 

CMV infection, we investigated the impact of this virus on the levels of several protein 562 

markers of autophagy in the OB at W3 (Fig. 5C, 5I). Beclin1 is a key autophagy-related 563 

protein that participates in the induction and formation of autophagosomes. Microtubule-564 

associated protein 1 light chain 3 (LC3) is specifically associated with autophagosomal 565 

membranes and play a critical role during the expansion step of autophagosome formation. 566 

LC3 has two forms, non-lipidated (LC3 I) and lipidated (LC3 II). Initiation of autophagy is 567 

characterized by the formation of LC3 II via conjugation of LC3I to phosphatidyletholamine. 568 

This conjugation needs the activation of Autophagy related 5 protein (Atg5). P62 is specially 569 

degraded in autolysosomes and thus widely used to monitor autophagic flux. Lysosomal-570 
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associated membrane protein 1 (LAMP1) is a glycoprotein responsible for maintaining 571 

lysosomal integrity. Yet, measuring the expression of Beclin1, LC3I, LC3 II, Atg5 and 572 

LAMP1 provides a main picture of the extent of autophagy (Mizushima et al., 2010).  573 

Western blot analysis of OB proteins from CMV-infected mice showed increased 574 

autophagic activity including increased levels of Beclin1 and Atg5 (Fig. 5C, 5I, CMV vs 575 

CTL: Mann-Whitney test, Beclin1: U (6)=0, p=0.0286; Atg5: U (6)=0, p=0.0286). The levels 576 

of autophagosome formation are particularly elevaded as demonstrated by our evidence for a 577 

4-fold increase in Beclin1 expression (Fig. 5I). We found a trend for enhanced expression of 578 

LAMP1 (Fig. 5C, 5I, CMV vs CTL: Mann-Whitney test, U (6)=1, p=0.0571). The dramatic 579 

increase in Beclin1 expression prompt us to check whether the pAMP-activated protein kinase 580 

(pAMPK)-mammalian target of rapamycin (mTOR) signaling pathway is involved. In this 581 

metabolic signaling pathway, situated upsteam autophagic pathway, pAMPK activation 582 

upregulates cellular energy needed for autophagy induction and inhibits mTOR, leading to 583 

beclin1 engagement (Mizushima et al., 2010). We found no significant changes in the 584 

pAMPK and pTOR expression (Fig. 5C, 5I; CMV vs CTL: Mann-Whitney test, pAMPK: U 585 

(6)=4, p=0.3429; PTOR: U (6)=3, p=0.2000), suggesting no involvement of this metabolic 586 

signaling pathway in our viral model. 587 

Finally, we investigated the modulation of p62 and LC3 autophagic markers, involved 588 

in the autophagic flux. We found a 2-fold increase in p62 expression that indicates an increase 589 

in the autophagosome clearance and thus in the autophagic flux (Fig. 5C, 5I, CMV vs CTL: 590 

Mann-Whitney test, U (6)=0, p=0.0286). Western blot data also reveal an increase in the 591 

LC3II/I ratio further suggesting that congenital CMV increases autophagic flux (Fig. 5C, 5I, 592 

CMV vs CTL: Mann-Whitney test, U (6)=0, p=0.0286). Altogether our data indicate that 593 

congenital CMV infection results in the upregulation of autophagy at W3 that might support 594 

neuroinflammation and cell apoptosis.  595 
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Long-lasting effect of congenital CMV infection on the olfactory system 596 

Given the structural abnormalities of both the SVZ and OB at W3 and the long-lasting 597 

olfactory deficits induced by congenital CMV infection, we assessed the long-term 598 

consequences for the olfactory system in adult male and female mice aged of W16 (Fig. 6). 599 

We found a decrease in cell proliferation in the SVZ at W16 after birth (Fig. 6A-B, CMV vs 600 

CTL: LC3 ratio: Mann-Whitney test, U (13)=10, p=0.0401, n=8 CTL, n=7 CMV) supporting 601 

the view that CMV congenital infection results in a long-term reduction of postnatal cell 602 

proliferation in this neurogenic zone. No difference was found between males and females in 603 

either the CTL or CMV group (data not shown). Anatomical investigations of the OB of 604 

CMV-infected mice reveal viral expression in all the layers of this structure at W16 after birth 605 

(Fig. 6A), but no proliferation or activation of local microglia (data not shown). These 606 

findings indicate that, at least in our animal model, CMV placental infection leads to long-607 

term viral infection of the embryos and transient neuroinflammation in the OB. No difference 608 

was found for either the body or the brain weight between CTL and CMV (data not shown). 609 

Moreover, we found that CMV-infected mice showed a persistent reduction in the 610 

population of dopaminergic TH+ cells in the OB glomeruli at W16 (Fig. 6A, 6C; CMV vs 611 

CTL: Mann-Whitney test, U (12)=5, p=0.0111, n=7 CTL, n=7 CMV). No difference was 612 

found between males and females in either the CTL or CMV group (data not shown). The cell 613 

densities of the two other glomerular populations, CB and CR-positive cells, are similar to 614 

CTL mice, indicating a recovery for the CB-positive cell population compared to the W3 615 

earlier time point. This recovery might probably result from ongoing adult neurogenesis. The 616 

reduction of glomerular TH+ cell number in infected animals is similar in magnitude for the 617 

two time points, W3 and W6, indicating a higher vulnerability for bulbar dopaminergic 618 

neurons to CMV infection. Their loss in this context is accompanied by a reduced mean size 619 

of glomeruli in infected animals (Fig. 6D; Glomerulus area: CMV vs CTL; Mann-Whitney 620 
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test, all mice: U (14)=2, p=0.0006, n=8 mice per group; Males: U (10)=0, p=0.0286, n=4 male 621 

mice per group; Females: U (10)=0, p=0.0286, n=4 females per group). No difference was 622 

found between males and females in either the CTL or CMV group (data not shown). On the 623 

other hand, the difference in the GCL size that we observed at W3 did not persist later at 624 

W16, suggesting a recovery for the GCL interneuron population, likely due to the ongoing 625 

adult neurogenesis (data not shown). Thus, congenital CMV infection leads to long-term 626 

alteration of the OB structure, compromised cell proliferation in the SVZ and fewer bulbar 627 

dopaminergic cells that together might contribute to the olfactory deficit we report in the 628 

infected mice.  629 
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Discussion  630 

 631 

We identify olfactory deficit as early sensory impairment much before hearing deterioration, 632 

making thus hyposmia an early functional consequence of congenital CMV infection in mice. 633 

We show, for the first time, that placental CMV inoculation of embryos results in: 1) viral 634 

infection of the OB, transient activation of microglial cells, disproportionate OB cell layers 635 

and alteration of the OB interneuron development; and 2) impairment of the sense of smell 636 

long before auditory deficits emerged. These findings confirm and extend previous works 637 

showing CMV-induced OB lesions in human fetuses (Teissier et al., 2014) and the 638 

importance of OB interneurons in processing properly olfactory information (Kobayakawa et 639 

al., 2007; Khodosevich et al., 2013; Lazarini et al., 2014; Grelat et al., 2018). 640 

In the present study, we employed in utero intraplacental inoculation of murine CMV 641 

as a model to study CMV infection during human pregnancy. Previous studies demonstrate 642 

that this murine model recapitulates many features of congenital human CMV infection, such 643 

as altered hindbrain morphogenesis, robust CNS neuroinflammation, infection of the inner ear 644 

and lesions responsible for deafness (Li et al., 2000; Koontz et al., 2008; Kosmac et al., 2013; 645 

Sakao-Suzuki, 2014; Bradford et al., 2015). CMV is species specific but the murine 646 

cytomegalovirus genome is highly similar to the human CMV (Rawlinson et al., 1996). It is 647 

important to note that, susceptibility to CMV infection is age-dependent, and host maturation 648 

is associated with decreased virus replication and less severe neurological outcomes in both 649 

humans and mice (Tsutsui, 2009; Muller et al., 2010). Indeed, in humans and rodent models, 650 

vulnerability to neurological complications depends on both the maturation of the immune 651 

system and a decreased susceptibility of maturing neurons to infection and cell death (Oliver 652 

et al., 1997; Schulz et al., 2015; Almishaal et al., 2017). Therefore, we chose an in utero 653 

infection model with the well characterized murine CMV Smith strain which is known to 654 
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replicate in the brain and induce neuropathology following transplacental inoculation (Li et 655 

al., 2000). In vivo studies of congenital human CMV infection are limited due to the strict 656 

host specificity of CMV. In contrast to human CMV, murine CMV rarely crosses the 657 

placenta, except when it is directly inoculated in this tissue. The virus then disseminates to 658 

other tissues of the embryo including liver, lung, salivary glands and brain, where infection 659 

results in widespread encephalitis (Li et Tsutsui, 2000; Juanjuan et al., 2011; Sakao-Suzuki et 660 

al., 2014). Here we provide experimental evidence that CMV can infect the OB following in 661 

utero transplacental inoculation, consistent with previous reports on rodent models and our 662 

observations in human fetuses (Cekinović et al., 2008; Teissier et al., 2011; Teissier et al., 663 

2014). Moreover, we show that this OB viral expression persists for a long time as viral 664 

expression was detected in OB cells at both W3 and W16 after birth.  665 

We also report for the first time that the OB viral infection is accompanied by 666 

increased autophagy. Autophagy is a highly conserved process involved in the turnover of 667 

damaged organelles and long-live proteins, in both physiological and pathological conditions 668 

(Nakatogawa et al., 2009). This degradative pathway involves the sequestration of 669 

cytoplasmic constituents within double-membrane-bound compartments called 670 

autophagosomes and delivery of the contents to lysosomes for degradation and recycling. 671 

Recent studies have shown important roles for autophagy genes in cell apoptosis, 672 

neuroinflammation and neurogenesis (Maiuri et al., 2007; Cloëtta et al., 2013; Deretic et al., 673 

2013). Autophagy is also frequently seen as a mechanism to degrade microorganisms 674 

including viruses that invade intracellularly (Levine et al., 2011). Consistent with a link 675 

between autophagy and human CMV infection (Chaumorcel et al., 2008; McFarlane et al., 676 

2011), we show increased autophagic activity including increased levels of essential 677 

autophagy components such as Beclin1, Atg5 and p62.  678 
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We found an increase in cell apoptosis in infected OB at W3, consistent with previous 679 

studies (Kosugi et al., 1998). The upregulated autophagy might support OB apoptosis, as 680 

overactive autophagy leads to a high turnover rate of organelles and proteins thus promoting 681 

cell death (Maiuri et al., 2007). Microglial activation in the brain after CMV infection was 682 

recorded in several studies but the autophagy stimulus for this effect was not investigated 683 

(Ibanez et al., 1991; Koontz et al., 2008; Cloarec et al., 2016; Brizić et al., 2017). Consistent 684 

with a link between autophagy and neuroinflammation (Deretic et al., 2013), our findings 685 

reveal activation of both autophagy and microglial cells in the infected OB at W3. 686 

Interestingly, autophagy activation did not persist at later timepoint, nor neuroinflammation, 687 

suggesting an immune control of the virus at the adult stage (data not shown). Further 688 

experiments on the time course of OB viral replication, autophagy and neuroinflammation 689 

should shed light on the viral mechanisms of neuronal loss in this model. 690 

The dramatic loss of smell induced by congenital CMV infection might be due to 691 

direct neuron damage into the olfactory system or indirect defect in neuron development. As 692 

the onset of olfactory loss presumably occurs secondary to the viral insult, a direct damage of 693 

OSNs is likely. For instance, a direct in utero infection of OSNs followed by viral 694 

propagation to the OB via OSN axons might lead to infection of the OB tissue. In the present 695 

study, we show that despite the presence of viral particles in the GL, the cell density of OMP-696 

positive OSNs in the sensory organ, and OSN innervation to the OB of CMV-infected mice 697 

are similar to CTLs. This finding supports previous observations that peripheral infection with 698 

neurotropic viruses, such as Bunyaviruses, leads to specific brain neuroinvasion via OB 699 

capillaries, but not through OSN axons (Wincker et al., 2015). Nevertheless, we cannot 700 

exclude the possibility that in utero infected-OSN spread the virus to the brain. OSN have the 701 

unique characteristic to undergo continuous replacement throughout life (Graziadei and Monti 702 

Graziadei, 1983). This ability, observed in all vertebrates, might allow a complete recovery of 703 
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OSN inputs following viral insult in the neonate.  704 

While OSN inputs and mitral cell population seem to be spared by CMV, we found 705 

that congenital viral infection differentially impact the cell layers and neuron populations of 706 

the OB. The reduced TH expression, CB expression, and maybe the reduced glomerulus size 707 

are consistent with significant reductions in physiological OSN input to the bulb, even if the 708 

OSN projection morphology is unchanged (Stone et al. 1990; Philpot et al 1997; Kass et al., 709 

2013). It is possible that the increased apoptosis in the OB and the reduced neurogenesis in 710 

the SVZ may affect the OB cell number, thus providing a mechanism for olfactory loss. CB- 711 

and TH-positive cells are primarily inhibitory and modulate neuronal function. Their cell 712 

number reduction could underlie olfactory changes. Later, at W16, only the depletion of the 713 

dopaminergic cell population in OB glomeruli persists in our model, suggesting a higher 714 

vulnerability of these cells. Dopaminergic neurons play a key role in olfactory detection of 715 

social and non-social odorants and their damage leads to a dramatic olfactory deficit (Lazarini 716 

et al., 2014). As the peak of dopaminergic cell recruitment in the rodent OB occurs in early 717 

postnatal life (De Marchis et al., 2007), during maximum brain growth (Semple et al., 2013), 718 

it is probable that bulbar dopaminergic neurons are impacted during this time window by 719 

congenital CMV infection.  720 

Our study provides the first evidence that congenital CMV can impair both hearing 721 

and olfaction. A recent epidemiological study reported a remarkable correlation between 722 

hearing loss and olfactory dysfunction in the Korean population, after adjustment for age and 723 

sex, but did not study infection as an influential factor (Park et al., 2017). Other studies in 724 

rodents have shown neuroinvasion in the olfactory system after CMV infection but did not 725 

assess olfactory behavior (Farrell et al., 2016). Early detection of olfactory deficits might be 726 

relevant to anticipate reduced food intake and loss of social olfactory cues important to 727 

maintain a strong parent-infant bound (Engen et al., 1965; Lemasson et al., 2005; Harding et 728 
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al., 2017). Further, we reveal that smell alteration precedes hearing deterioration at least in the 729 

mouse model. In congenital human CMV infection, hearing loss may occur several years after 730 

birth and can be progressive. Identification of children susceptible to hearing impairment is of 731 

major interest as early treatment and use of a hearing aid may minimize the impact of this 732 

deficit on the cognitive development. Despite differences in neurogenesis and sensory 733 

development between human and mouse (Lui et al., 2014; Clark-Gambelunghe et al., 2015), 734 

our preclinical findings provide experimental support for clinical trials in congenital CMV 735 

infection. Assessing olfaction could lead to novel strategies to monitor this infection including 736 

long-term neurological outcome. Future studies of structural changes in the OB circuit and the 737 

functionality of interneuron populations could yield translational relevant results for the 738 

follow-up of these infections. 739 
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Figure legends 963 
 964 
Figure 1. Impact of CMV congenital infection on hearing.  965 

(A) Timetable of the experiments. Mice were infected with CMV or received PBS at E13. 966 

They were analyzed using olfactometers and with buried food-finding tests. Their ABR were 967 

recorded twice, at W4 and W16. (B) Animal model of CMV infection in pregnancy. Murine 968 

CMV or PBS was intraplacentally inoculated in each embryo of pregnant mice under deep 969 

anesthesia. (C) Body weight of the post-natal 8-day-old mice after infection with murine 970 

CMV at day 13 of gestation (n=21 CTL, n=35 CMV). CTL mice were injected with saline 971 

only. Outliers were identified by ROUT. Variances between the CTL and CMV groups 972 

without outliers are different (F(33,19)=2.433, *P<0.05), underlying the growth retardation of 973 

9/34 CMV pups. (D)  Click-evoked ABR waveforms at different sound intensities. (E) ABR 974 

hearing thresholds for a click. n=8 male mice per group. P value are calculated by Mann-975 

Whitney test (C, D: comparison between CTL and CMV groups) or Wilcoxon matched-pairs 976 

signed rank test (D: comparison between W4 and W16 for each mouse group). *P<0.05; 977 

**P<0.01, ***P<0.001; mean ± SEM in bar graphs.  978 

 979 

Figure 2. Impact of CMV congenital infection on neonate olfaction.  980 

(A) Emission and quantitation of ultrasonic vocalizations. The recording of ultrasonic calls 981 

began 30s after placing the pups in the test chamber of the olfactometer. Ultrasonic 982 

vocalizations were detected using an ultrasonic microphone connected to a bat detector that 983 

converts ultrasonic sounds to the audible frequency range. (B) Timetable of the experiments. 984 

Mice were infected in utero with CMV or received PBS at E13. They were analyzed using 985 

olfactometers at 6 and 8 days after birth. (C) Typical wave traces of spontaneous call series 986 

from pre-weaning 6-day-old pups after congenital CMV infection. CTL was inoculated with 987 

PBS only. (D) Experimental paradigm. Ultrasonic emission responses were recorded during 988 
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the first period without odorant (1 min), followed by a period of odorant exposure (1 min) and 989 

finally the last period of exhaust odorant (1min and 30s). (E-G) Emission of ultrasonic calls 990 

for citral odorant on day-6 after birth (n=18 CTL, n=19 CMV). (H-I) Emission of ultrasonic 991 

calls for male scent odorant on day-8 after birth (n=8 CTL, n=11 CMV). P values are 992 

calculated by Mann-Whitney test (E) or Wilcoxon matched-pairs signed rank test (H)-(I). 993 

**P<0.01, ***P<0.001, ****P<0.0001; mean ± SEM in (E).  994 

 995 

Figure 3. Impact of CMV congenital infection on olfactory perception in adult male mice.  996 

(A, B) Latency to find the buried (A) or visible (B) food reward in the buried food-finding 997 

test. Results are % of mice that did not find the food over a 15-min period. (C) Go-no go 998 

procedure. The olfactometer isolator comprises an odorant sampling port and a water delivery 999 

tube to reward mice. Animals are trained to distinguish between 2 odorants: a positive 1000 

stimulus (S+) and a negative stimulus (S-). A licking response following an S+ trial and no 1001 

licking following an S- trial were scored as correct. (D) % of mice that did not reach the 1002 

criterion performance (75 % correct responses in the block) on a discrimination task using n-1003 

butanol (10-3 dilution) and its solvent. A block is a series of 20 trials with random 10 S+ and 1004 

10 S-. (E) Effects of congenital CMV infection on olfactory detection. Results are expressed 1005 

as detection thresholds (-log
10 

of odorant dilution; mean ± SEM) for n-butanol (left) or the % 1006 

of mice for the last dilution performance criterion (right). Results in (A, B and F) are 1007 

expressed as the mean ± SEM of correct response. n=8 CMV, n=11 CTL. P values are 1008 

calculated by Gehan-Breslow-Wilcoxon test (A, B, D) and Mann-Whitney test (E). *P<0.05.  1009 

 1010 

Figure 4. Impact of CMV congenital infection on olfactory discrimination in adult male mice.  1011 

 (A, B) Graph depicting the percentage of correct responses in each block of the easy (A) 1012 

discrimination task between Isoamylacetate (S+) and Anethol (S-) or the difficult (B) 1013 
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discrimination tasks between their binary mixtures. The mixture ratio of isoamylacetate and 1014 

anethol is indicated on the graph. (C-E) % of mice that did not reach the performance 1015 

criterion for the discrimination task between Isoamylacetate and Anethol (C), D-Limonene 1016 

and Citronellal (D), D-Limonene and Anethol (E). (F) Long-term memory test. To assess 1017 

olfactory memory, mice were trained during 5 consecutive days to recall distinguishing D-1018 

Limonene and Anethol. Mice were then retested at W16 following the end of the training 1019 

session (W12). In (A, B and F), a score of 50% corresponds to the success rate expected on 1020 

the basis of chance alone (dashed line). Results in (A, B and F) are expressed as the mean ± 1021 

SEM of correct response. n=8 CMV, n=11 CTL. P values are calculated by ANOVA with 1022 

repeated measures (A, B), Gehan-Breslow-Wilcoxon test (C-E) and Mann-Whitney test (F). 1023 

*P<0.05, **P<0.01.  1024 

 1025 

Figure 5. Impact of CMV congenital infection on the postnatal olfactory system at W3.   1026 

(A) Sagittal section of a murine brain showing the neurogenic dendate gyrus (DG) of the 1027 

hippocampus, the neurogenic SVZ, the RMS and the OB. Neuroblasts born in the neonatal 1028 

and postnatal SVZ migrate via the RMS until the OB where they differentiate into GCL or 1029 

GL interneurons. (B, D, E and F) Representative staining of coronal SVZ (D, down) and OB 1030 

slices with DAPI (B,D and E) murine CMV IE1 (B and D, down), cleaved caspase 3 (Casp3, 1031 

D, up), Olfactory Marker Protein (OMP) expressed by OSN (D, middle), Iba1 (D, middle; E), 1032 

CD68 expressed by activated microglia and macrophages (E), Ki67 (D), TH (F), CB (F) and 1033 

CR (F), antibodies, showing CMV+, apoptotic Casp3+, OSN, macrophages, microglia, Ki67+ 1034 

neural progenitor cells, TH+, CB+ and CR+ cells in CTL and congenital CMV-infected mice 1035 

at W3 after birth. (C, G-I) Screening of the OB proteins from congenital CMV-infected mice 1036 

at W3 for autophagy induction (C and I), cell apoptosis (C and G) and microglial reaction (C 1037 

and G). Lysates were extracted from the OB of CTL and congenital CMV-infected mice at 1038 
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W3 and analysed by immunoblot (C) using antibodies to detect Casp3, Iba1, CD68, Beclin1, 1039 

phospho-AMPK, Atg5, p62, LC3 I/II, LAMP, phospho-mTOR and actin (three mice each). 1040 

The levels of Casp3, Iba, CD68, Beclin1, pAMPK, Atg5, p62, LC3 II/ LC3 I, LAMP, 1041 

pmTOR and actin were quantified (G and I) by band intensity with Fiji software (NIH). (H 1042 

and J) Ki67+, TH+, CB+ and CR+ cell densities in the SVZ, GL, glomerulus (glom) and 1043 

GCL size at W3 following congenital CMV inoculation. All mice are W3-old males injected 1044 

at E13 with PBS (CTL) or CMV. For immunoblot analysis (G and I), n=4 mice per group. For 1045 

cell density analysis (H) and area ratio (J), n=4-6 mice per group. For glom size (J), n=409 1046 

glom from 4 CTL, n=352 glom from 4 CMV. Results are mean ± SEM. P value is calculated 1047 

by Mann-Whitney test. *P<0.05, **P<0.01. Scales bars: 100 μm in (D, down); 50 μm in (B), 1048 

(D, middle), (F); 25 μm in (D, down), 5 μm in (D, up) and (E).  1049 

  1050 

Figure 6. Long-lasting impact of CMV congenital infection on the adult OB. 1051 

(A) Representative staining of coronal SVZ (up) and OB (middle, down) slices with Ki67 1052 

(up), TH (middle) and murine CMV IE1 (down). (B-D) Ki67+ cell densities in the SVZ (B), 1053 

TH + cell densities in the GL (C) and glomerulus size (D) at W16 after birth following 1054 

congenital CMV inoculation. For cell density analysis, n=5 male CTL, n=2 female CTL, n=4 1055 

male CMV, n=4 female CMV. For glomerulus size, n=212 glom from 2 CTL females, n=409 1056 

glom from 4 CMV females, n=499 glom from 4 CTL males, n=262 glom from 4 CMV males. 1057 

Results in (D) are mean ± s.e.m. P values are calculated by Mann-Whitney test. *P<0.05, 1058 

***P<0.001. Cc: corpus callosum. LV: lateral ventricle; str: striatum. Scales bars: 100μm in 1059 

(A, up), 50 μm in (A, middle and down). 1060 
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 1066 
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 1067 
 1068 
Table 1. Detailed information on the primary antibodies used in this study 1069 

 1070 
Antibody 

(anti) 

Manufacturer and catalog # Marker of: Working 

dilution 

Actin 

Atg5 

Beclin1 

CB 

CMV 

CR 

active casp3 

CD68 

Iba1 

Ki67 

Lamp1 

LC3 

OMP 

P62 

pAMPK1 

pmTOR 

TH 

Sigma, A5441 

Cell Signaling, 12994 

Cell Signaling, 3495 

Swant, 300 

S. Jonjic gift 

Swant, 7699/3H 

Cell Signaling, asp175 

Serotec, MCA1957GA 

Wako Chemicals, 016-20001 

Abcam, 15580 

Abcam, 24170 

Sigma, L7543 

Wako, 544-10001 

Abnova, H00008878-M01 

Cell Signaling, 2531 

Cell signaling, 2971 

ImmunoStar, 22941 

Housekeeping protein 

Autophagy initiation 

Autophagosome induction 

Calbindin-interneurons 

IE1 protein of the murine virus 

Caretinin-interneurons 

Apoptotic cells 

Activated microglia 

Microglia 

Proliferating cells 

Lysosomes (autophagy) 

Autophagic flux 

Olfactory sensory neurons 

Autophagic flux 

 Metabolic signalling 

Immune signalling 

Dopaminergic neurons 

1:6000 

1:1000 

1:1000 

1:2000 

1:1000 

1:2000 

1:300 

0.5 μg/ml 

1:500 

1:1000 

1:1000 

1:2000 

1:1000 

1:1000 

1:1000 

1:1000 

1:4000 
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