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A B S T R A C T

Respiratory infection by influenza A virus (IAV) is known to cause systemic inflammation, neuroinflammation, 
and cognitive impairment. We previously found that experimental infection with IAV affected oligodendrocyte 
homeostasis, which was associated with altered expression of genes involved in myelin maintenance as well as 
the lipidome. In this study, we sought to determine if clemastine, an antihistamine with myelin promoting 
properties, could reverse the effects of IAV on oligodendrocyte (OL) specific genes, as well as mitigate infection- 
induced cognitive impairment. Male and female C57BL/6J mice were randomized into experimental groups 
based on clemastine treatment, infection, and sex. Treatment with vehicle or clemastine (10 mg/kg/d) 
commenced seven days prior to inoculation with either saline or IAV and continued throughout the experiment. 
Body weight was measured throughout the infection. Spatial learning and memory were assessed by Morris water 
maze. Sickness behavior was assessed by measuring burrowing response. Immune cell responses were deter-
mined by flow cytometry, RT-qPCR, antigen recall assays and ELISA, and viral load assessed by RT-qPCR. 
Hippocampal levels of neuroinflammatory (Tnf, Cdkn1a) and myelin (Plp1, Mag, Ugt8a) genes were deter-
mined by RT-qPCR. Mice infected with IAV developed weight loss, impaired cognitive flexibility, reduced bur-
rowing behavior, altered lung immune cell infiltration, increased circulating anti-viral IgM and IgG levels and 
increased T cell responses to IAV epitopes. Infection increased hippocampal levels of genes associated with 
neuroinflammation and decreased levels of genes involved in myelination. Clemastine treatment resulted in 
earlier recovery of weight loss in males and increased IgM levels for both sexes, but neither affected expression 
levels of Tnf or Cdkn1a, nor rescued changes to oligodendrocyte genes. However, treatment mitigated infection- 
induced neurocognitive impairment.

1. Introduction

Respiratory viral pathogens such as influenza A virus (IAV) and se-
vere acute respiratory syndrome coronavirus (SARS-CoV)-2 remain both 
a national and global public health concern. For instance, IAV (Dawood 
et al., 2012) alone is responsible for ~3–5 million annual cases of severe 
illness, resulting in between 290 and 650K deaths worldwide (World 
Health Organization; Centers for Disease Control and Prevention). 

According to the World Health Organization, more than 770 million 
people have been infected by SARS-CoV-2, resulting in greater than 7 
million deaths. While IAV and SARS-CoV-2 infections are associated 
with acute onset of respiratory distress, both are also capable of causing 
neurological sequelae including cognitive impairment (Volk et al., 2023; 
Thaweethai et al., 2023; Schlesinger et al., 1998). Neurological com-
plications following IAV infection were first observed during the 1918 
pandemic and have since manifested in patients of subsequent 
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pandemics. These complications range from short-term sequelae, such 
as altered mental status, to seriously debilitating clinical outcomes, such 
as increased risk for development of neurodegenerative disease, seizures 
or coma, with clear long-term morbidity and mortality (Ekstrand, 2012; 
Maurizi, 2010; Ravenholt and Foege, 1982; Jelliffe, 1919). As might be 
expected, neuropsychiatric complications have been reported following 
infection by neurotropic strains of IAV such as H5N1 strains, which are 
capable of gaining access to the central nervous system (CNS) by 
crossing the blood-brain barrier (Jang et al., 2009, 2012). However, 
these sequelae can also be present in patients infected by IAV strains that 
are non-neurotropic, such as H1N1 strains (Schlesinger et al., 1998; 
Ekstrand, 2012; Surana et al., 2011; Wang et al., 2010). Likewise, 
cognitive deficit is reportedly one of the main disabling symptoms in 
COVID-19 patients (Thaweethai et al., 2023; Graham et al., 2021; Xu 
et al., 2022). As such, an area of important scientific investigation 
continues to be the neuroinflammatory mechanisms that underlie 
neurological complications that are observed in association with respi-
ratory virus infection.

Prior work has shown that aberrant activation of the peripheral 
innate immune system can lead to the increased production of pro- 
inflammatory cytokines within the brain, leading to neuropathology in 
specific areas, such as the hippocampus, the region of the brain 
responsible for spatial learning and memory (Heneka et al., 2014; Korte 
and Schmitz, 2016; Camara et al., 2015; Raison et al., 2006; Riazi et al., 
2015; Thomson et al., 2014; Vitkovic et al., 2000; Jurgens et al., 2012; 
Hosseini et al., 2018). To date, research has been centered on examining 
the effect of respiratory infection on neuronal function, as these cells are 
a major driver of cognitive performance. Less research has addressed the 
involvement of glia, such as oligodendrocytes in this process. Oligo-
dendrocytes are CNS resident cells that provide trophic and metabolic 
support for neurons (Fünfschilling et al., 2012; Oluich et al., 2012; 
Meyer et al., 2018; Chamberlain et al., 2021), but are most commonly 
associated with their production of myelin, the substance of white 
matter that is required for saltatory conduction. We previously found 
that experimental respiratory infection of adult mice with IAV alters 
oligodendrocyte homeostasis in a manner that was characterized by the 
suppression of oligodendrocyte specific gene transcription as well as 
alterations to the lipid profile of myelin itself. Transcriptional changes 
resulting from peripheral IAV infection occurred within the cerebellum, 
medial prefrontal cortex, and also the hippocampus and was concurrent 
with decreased protein expression within acutely isolated oligodendro-
cytes (Louie et al., 2023). This phenomenon is of particular interest since 
1) experiments performed in mice have indicated that oligodendrocytes 
are essential for new memory formation (McKenzie et al., 2014; Pan 
et al., 2020; Steadman et al., 2020; Shimizu et al., 2023) and 2) a recent 
study has demonstrated that SARS-CoV-2 infection causes myelin loss in 
the hippocampus of mice, and may serve as a pathological mechanism 
for “COVID fog” (Fernandez-Castaneda et al., 2022). However, whether 
changes to oligodendrocyte functions by respiratory infection are linked 
to altered cognitive capacity is not yet known.

Clemastine fumarate (i.e. clemastine) is a United States Food and 
Drug Administration (FDA) approved first-generation anti-histamine 
drug with anti-muscarinic properties. Notably, clemastine treatment has 
been shown to promote oligodendrocyte precursor cell (OPC) differen-
tiation in-vitro (Mei et al., 2014), enhance remyelination in mouse 
models of demyelination (Mei et al., 2014; Chan et al., 2004; Li et al., 
2015; Deshmukh et al., 2013), and has shown promise as a treatment for 
patients with multiple sclerosis (Abdelhak et al., 2022; Cordano et al., 
2022). Moreover, clemastine treatment rescued behavioral changes in 
socially isolated mice, which was attributable to increased myelination 
within the prefrontal cortex (Liu et al., 2016), and was found to reverse 
cognitive dysfunction in the APP/PS1 mouse model of Alzheimer’s 
disease in a manner that was associated with improved memory-related 
task performance (Chen et al., 2021a). Finally, clemastine treatment 
increased remyelination following cuprizone-induced demyelination 
and was able to rescue schizophrenia-like behavioral changes in this 

model (Li et al., 2015).
In the current set of experiments we sought to determine if pro-

phylactic, daily, oral clemastine treatment, could rescue behavioral and 
neurocognitive deficits brought on by IAV in adult mice. We found that 
treatment caused a slight improvement in weight loss associated with 
infection, which was most prominent in male mice. Additionally, 
treatment was sufficient to reverse neurocognitive deficits caused by 
IAV infection, as assessed by the Morris water maze (MWM) test, but did 
not affect changes to burrowing behavior. Importantly, mice treated 
with clemastine neither displayed increased lung viral RNA, nor altered 
Ifng expression at a time-point corresponding to peak sickness. Instead, 
clemastine treated mice exhibited increased virus-specific humoral re-
sponses, indicating clemastine did not adversely affect the generation of 
adaptive immunity to IAV. Peripheral IAV infection increased hippo-
campal mRNA levels of Tnf and Cdkn1a, and concurrently decreased 
expression of Plp1 and Ugt8a. Clemastine treatment neither affected 
infection-induced changes in Tnf nor Cdkn1a levels and did not signifi-
cantly reverse changes to Plp1, Ugt8a or Mag expression.

2. Materials and methods

2.1. Mice, clemastine treatment and infection

All animal care protocols were in accordance with National Institutes 
of Health Guidelines for Care and Use of Laboratory Animals and were 
approved by the University of Illinois Institutional Animal Care and Use 
Committee (protocol number 22083). Six-week-old male and female 
C57BL/6J mice were obtained from Jackson Laboratories (No. 000664). 
Upon arrival, animals were tail-marked and randomized into one of four 
groups by sex, based on treatment and infection: Vehicle/Saline, 
Clemastine/Saline, Vehicle/IAV and Clemastine/IAV. In total, three 
cohorts of mice were used to assess the effect of infection and treatment 
on learning and memory (Fig. 1a) and two cohorts of mice were used to 
assess the effects of infection and treatment on burrowing activity and 
immune cell responsiveness and viral RNA in the lung (Fig. 1b). Morris 
water maze testing, for each cohort of mice, was performed continuously 
between the hours of 10:00am and 7:00pm. Burrowing behavioral tests 
were initiated at 10:00am and food burrowed measured 24h later. At the 
end of each experiment euthanasia was initiated at 1:00pm.Mice were 
housed four per cage under constant 12-h light/dark cycles (10am- 
10pm), average daily temperature 22.51 ± 0.143 (S.E.M.; range, 
20.56–23.89 ◦C) and average daily humidity55.7 ± 1.97 (S.E.M.; range, 
37–65%) and allowed to acclimate for one week prior to the 
commencement of prophylactic treatment.

Clemastine treatment at a dose of 10 mg/kg/d by oral gavage has 
been shown to promote myelination and remyelination (Mei et al., 
2014), rescue behavioral changes caused by social isolation (Liu et al., 
2016), mitigate chemotherapy-induced cognitive impairment (Chen 
et al., 2022), improve cognitive dysfunction in a the APP/PS1 Alz-
heimer’s Disease model (Chen et al., 2021b), and restore behavioral 
changes caused by cuprizone intoxication (Li et al., 2015) as well as 
reverse myelination deficits resulting from prenatal hypoxia (Cree et al., 
2018). Based on these results, mice were treated with clemastine at a 
dose of 10 mg/kg/d. Clemastine (Selleckchem, S1847) was initially 
dissolved in dimethyl sulfoxide (DMSO; Sigma, D2650) at a concentra-
tion of 10 mg/ml at 37 ◦C for 1 h then diluted to a working concentration 
in sterile water such that mice received a dose of 10 mg/kg in a 200 μl 
volume by oral gavage. Treatment with vehicle or clemastine (10 
mg/kg/d, approximately 9:00am each day) was commenced one week 
after mouse arrival and one week prior to virus inoculation. Mice were 
treated daily for the duration of the experiment (Fig. 1).

At eight weeks of age, mice were anesthetized with 3% isoflurane 
and then intranasally inoculated with either sterile phosphate buffered 
saline (PBS), or PBS containing 100 plaque forming units (PFU) of 
mouse-adapted human influenza A virus strain A/Puerto Rico/8/1934 
(H1N1) (A/PR8) from American Type Culture Collection (ATCC, VR-95) 
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in a total volume of 0.03 ml, as described previously (Louie et al., 2023). 
For each experiment mice were inoculated with saline or IAV at 
10:00am, after receiving their daily treatment of vehicle or clemastine. 
Animal weights were measured daily prior to behavioral measurements. 
Percent weight change was calculated from day 0 post-infection (p.i.).

Mice were euthanized by CO2 asphyxiation at time points corre-
sponding to the completion of Morris water maze (MWM) testing (day 
10 p.i.) or peak sickness, as determined previously by changes to weight, 
burrowing behavior and adaptive immune responses (day 8 p.i.) (Louie 
et al., 2022, Louie et al., 2023).

2.2. Morris water maze

The effects of treatment on infection-induced alterations in spatial 
learning and memory was assessed using by MWM, which is a 
hippocampal-dependent task (Schenk and Morris, 1985; D’Hooge and 
De Deyn, 2001) (Fig. 1a). The MWM and consisted of a circular pool 
(122 cm diameter, Noldus) with a transparent round platform (10 cm 
diameter; Noldus) hidden 1 cm below the surface of the water. Water 
temperature for all tests was kept between 23 and 25 ◦C. To determine if 
treatment or infection altered the capacity to learn, acquisition testing 
was initiated at day 3 p.i., which corresponds to initial reductions in 
body weight due to infection (Louie et al., 2022), and was performed for 
five consecutive days corresponding to day 3-7 p.i. During the acquisi-
tion phase, the platform position remained constant and the mice were 
trained to use distal visuospatial cues to navigate a path to the hidden 
platform. At the start of each testing session, mice were placed on the 
platform for 15 s. For each acquisition testing day, mice were subjected 
to three trials, which were conducted using a pseudorandom protocol, 
with mice placed in the water from one of three entry locations. During 
the test, the mice were allowed to freely swim for 60 s or until they 
reached the platform. If the platform was not located within 60 s, the 
mice were guided to the platform and allowed to remain on it for 15 s. 
After three consecutive trials, the mice were placed in their home cage to 
dry. Memory was assessed by probe trial on day 8 p.i. Specifically, 24 h 
after the last day of acquisition testing mice underwent a probe trial 
wherein the hidden platform was removed, and the mice were allowed 
to swim for 60 s in order to assess spatial memory for the platform 
location. Finally, the effect of infection and treatment on cognitive 
flexibility was assessed by reversal trial on day 9 p.i. For this test, the 

hidden platform was moved to the opposite quadrant of the pool while 
keeping the distal visual cues constant. Mice were placed on the plat-
form for 15 s, then they were given three trials to locate the platform in 
the new target quadrant. The reversal test measured how quickly the 
mice were able to extinguish their initial learning and acquire the new 
location (Vorhees and Williams, 2006). Velocity, latency to the plat-
form, and distance swam (pathlength to the platform) were recorded 
and analyzed using a video camera and Ethovision version 14.0.1318 
(Noldus Information Technologies, Netherlands). For practical reasons 
mice were euthanized on day 10 p.i., at which time serum and hippo-
campus were collected for analysis.

2.3. Burrowing behavior test

Sickness behavior was assessed using the burrowing behavior test as 
described previously (Louie et al., 2022) (Fig. 1b). In brief, mice were 
presented with a slanted polyvinyl chloride tube containing a pre-
measured amount (~200 g) of food pellets on days 0, 2, 4, 6, and 8 p.i. 
The contents of the tube were measured after 24h and percentage of 
burrowed food determined. We have found that this measurement is a 
sensitive measure of sickness behavior during IAV infection and that 
there are maximal reductions in burrowing behavior at day 8 p.i. (Louie 
et al., 2022).

2.4. RNA extraction and data analysis

At day 8 p.i. lungs were collected, immediately flash frozen in liquid 
nitrogen, and stored at − 80 ◦C until they could be further processed. At 
day 10 p.i. brains were bisected longitudinally and preserved in RNA 
later. Frozen lungs were pulverized into a homogenized powder using a 
mortar and pestle (Cole-Parmer) on dry ice and RNA was extracted by 
TRIzol (ThermoFisher, 15596026) then column-purified using the 
GeneJET RNA purification kit (ThermoFisher, K0732) as per the man-
ufacturer’s instructions. Purified RNA quantity was determined by a 
NanoDrop ND-1000 spectrophotometer (ThermoFisher) and quality 
determined by running samples on a 1% agarose gel. The hippocampus 
of each mouse brain was dissected, and homogenized for RNA extraction 
with TRIzol and processed as described for the lungs. Following isola-
tion, RNA was converted into cDNA using the Reverse Transcription 
System (Promega, A3500) according to manufacturer’s instructions in a 

Fig. 1. Experimental design for Morris water maze testing and burrowing behavior cohorts. Male and female C57BL/6 mice were treated with vehicle or 
clemastine (10 mg/kg/d) by oral gavage for one week prior to being inoculated intranasally with saline or IAV (100 p.f.u.). Treatment continued throughout the 
course of infection. a, The experimental design used to assess the effects of infection and treatment on learning, memory and cognitive flexibility. For these tests, 
three replicative cohorts containing a total of N = 17–20 mice per group were used. b, The experimental design for burrowing behavioral testing comprising two 
replicative cohorts, containing a total of N = 10–11 mice per group were used.
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C1000 Touch Thermal Cycler (Bio-Rad Laboratories). Gene expression 
levels of viral M1, as well as the inflammatory cytokines Ifng and Tnf 
from lung tissue was determined by quantitative RT-qPCR using Pow-
erSYBR® green according to the manufacturer’s instructions (Thermo-
Fisher, 4367659) and were normalized to Gapdh. All primers for lung 
gene expression were from (Integrated DNA Technologies). TaqMan 
Gene Expression Probe Assays (Integrated DNA Technologies) were used 
to determine brain gene expression of inflammatory markers Tnf and 
Cdkn1a, as well as oligodendrocyte specific genes Ugt8a, Plp1, and Mag 
according to the manufactuer’s instructions. Expression values of brain 
genes were normalized to Actb. Subtle differences in gene expression 
procedures were due to the amplification of viral M1 by PowerSYBR® 
green as described previously (Blackmore et al., 2017). Thus, all lung 
gene expression was determined using the same technique. Primer and 
probe sequences can be found in Table 1. Regardless of tissue origin, 
expression levels were calculated using the 2− ΔΔCt method.

2.5. Flow cytometry

Flow cytometry was used to assess the effect of treatment on lung 
infiltrating immune cells as described previously (Louie et al., 2022). 
Briefly, at day 8 p.i. single-cell suspensions were prepared from lungs by 
enzymatic digestion then 1 × 106 cells were incubated with 
anti-CD16/32 (14-0161-82; clone 93, ThermoFisher) for 10 min to block 
Fc receptors. Cells were then stained with antibodies against the 
following surface markers for 20 min while on ice: Ly-6G eFluor™ 450 
(ThermoFisher, 48-9668-82), Ly-6C PE-Cyanine7 (ThermoFisher, 
25-5932-32), CD45 APC (ThermoFisher, 17-0451-83), CD19 PE-eFluor 
610 (ThermoFisher, 61-0193-82), CD8a Super Bright 645 (Thermo-
Fisher, 64-0081-82), CD3e Alexa Fluor® 488 (ThermoFisher, 
53-0081-82), CD11 b PE (BioLegend, 101208), eBioscience™ Fixable 
Viability Dye eFluor™ 780 (ThermoFisher, 65-0865-14). After washing, 
samples were run on an Attune NxT flow cytometer (ThermoFisher), and 
data were analyzed using FlowJo software (v10.7.2). Gates were 
determined using unstained and fluorescence minus one (FMO) samples. 
Compensation for all channels except viability dye was determined 
using single-stained compensation beads (01-2222-42; ThermoFisher). 
Viable, single cells were then gated using the immune cell marker CD45. 
Cytotoxic T cells (Tc) were defined as CD45+CD3+CD8+ and helper T 
cells (Th) defined as CD45+CD3+CD8− . B cells were identified as 
CD45+CD19+CD11b− . Monocytes and neutrophils were identified as 
CD45+CD11b+Ly6Chi and CD45+CD11b + Ly6CintLy6G+, respectively.

2.6. Effect of treatment on virus-specific antigen recall response

The effect of infection and clemastine treatment on IAV-specific T 
cell response was determined by antigen recall assay as described pre-
viously (Louie et al., 2022). In brief, single-cell suspensions from spleens 
were generated from male and female mice at day 8 p.i. and plated at a 
density of 5 × 105 cells per well in a round-bottom 96-well plates in 200 
μl RPMI 1640 supplemented with 10% FBS, L-glutamine, and 1% pen-
icillin/streptomycin. After plating, the splenocytes were cultured with 
media alone, an irrelevant viral peptide derived from Theiler’s murine 
encephalomyelitis virus (VP2121–130), or one of two immunodominant 
MHC class I–restricted peptides of A/PR8 IAV (NP366–374, PA224–233) at a 
concentration of 2 μM. Peptides were from Anaspec (Fremont, CA). All 
samples were run in triplicate. Following stimulation for 72 h, the plate 
was frozen at − 80 ◦C. IFN-γ levels were determined by ELISA (Ther-
moFisher, 88-7314-88) according to the manufacturer’s instructions. 
The assay range for IFN-γ is 16–2000 pg/ml.

2.7. Effect of treatment on serum virus-specific antibody and IL-6 levels

After asphyxiation with CO2, blood was isolated from the heart and 
collected into 1.5 ml polypropylene tubes then allowed to clot at 4 ◦C. 
The blood was centrifuged at 2000×g for 10 min and the serum was 
removed and stored at − 80 ◦C until use. To measure virus-specific 
antibody responses recombinant hemagglutinin (HA) protein from 
Influenza A H1N1 virus (strain A/Puerto Rico/8/1934; ThermoFisher, 
A42599) was diluted to a concentration of 2.5 μg/ml in PBS. High 
protein-binding 96-flat bottom plates (ThermoFisher, 44-2404-21) were 
then coated overnight with 0.25 μg HA viral membrane protein per well 
in a total volume of 100 μl per well at 4 ◦C. Following the overnight 
incubation, the plates were washed five times with PBS containing 
0.05% Tween 20 (Sigma, P2287) at a volume of 200 μl per well. Plates 
were then blocked with ELISA diluent (BioLegend, 421203), 200 μl/ 
well, for 1h at room temperature, then washed as described previously. 
Mouse serum samples from day 10 p.i. were serially diluted (1:20, 1:40, 
1:80, 1:160) in ELISA diluent, 100 μl added to each well and samples 
were incubated for 1.5 h at room temperature. After aspirating and 
washing five times, the plates were incubated with either goat anti- 
mouse peroxidase conjugated IgM antibody (Sigma, A8786) or goat 
anti-mouse peroxidase conjugated IgG antibody (Sigma, A5278) diluted 
1:10,000 in ELISA diluent for 1 h at room temperature. After washing 
seven times, 100 μl of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate 
solution (ThermoFisher, N301) was added to each well for 5 min, then 
the reaction was stopped by adding 50 μl of 2N sulfuric acid. Data are 

Table 1 
Primers and probes used for gene quantitation.

Tissue Gene Primer sequence Probe seqeunce

Brain Actb F: 5′-GATT ACTGCTCTGGCTCCTAG-3′ 5’-/56-FAM/CTGGCCTCA/ZEN/CTGTCCACCTTCC/31ABkFQ/-3′
 R: 5′-GACTCATCGTACTCCTGCTTG-3′ 
Cdkn1a F:5′-GAAGAGACAACGGCACACT-3′ 5’-/56-FAM/TTCAGAGCC/ZEN/ACAGGCACCATGT/3IABkFQ/-3′
 R:5′-CAGATCCACAGCGATATCCAG-3′ 
Mag F: 5′-AGAGAGCAGAGATGGACAGT-3′ 5’-/56-FAM/CATCGTCAA/ZEN/CACCCCCAACATTGTG/31ABkFQ/-3′
 R: 5′-CACCATACAACTGACCTCCAC-3′ 
Plp1 F: 5′-GTTCCAAATGACCTTCCACCT-3′ 5’-/56-FAM/CACACTAGT/ZEN/TTCCCTGCTCACCTTCA/31ABkFQ/-3′
 R: 5′-ATGAGTTTAAGGACGGCGAAG-3′ 
Tnf F:5′-AGACCCTCACACTCAGATCA-3′ 5’-/56-FAM/CCACGTCGT/ZEN/AGCAAACCACCAAGT/31ABkFQ/-3′
 R:5′-TCTTTGAGATCCATGCCGTTG = − 3′ 
Ugt8a F: 5′-CAAGACCAACGCTGCCT AA-3′ 5’-/56-FAM/AGCCCACTG/ZEN/CCAGAAGATCTGC/31ABkFQ/-3′
 R: 5′-CATGTTCCTGAGCACCACTT-3′ 

Lung M1 F: 5′-AAGACCAATCCTGTCACCTCTGA-3′ No probe
 R: 5′-CAAAGCGTCTAC GCTGCAGTCC-3′ 
Ifng F: 5′-ACTGGCAAAAGGATGGTGAC-3′ No probe
 R: 5′-TGAGCTCATTGAATGCTTGG-3′ 
Tnf F: 5′-TGTCCCTTTCACTCACTGGC-3′ No probe
 R:5′-CATCTTTTGGGGGAGTGCCT-3′ 
Gapdh F5′-GCATCTTCTTGTGCAGTGCC-3′ No probe
 R:5′-TACGGCCAAATCCGTTCACA-3′ 
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presented as optical density at 450 nm.
Serum IL-6 levels were determined by ELISA according to the man-

ufacturer’s instructions (ThermoFisher, 88-7064-88). The assay range 
for IL-6 is 4–500 pg/ml.

2.8. Statistical analyses

GraphPad Prism software (ver. 9.1.0) was used for statistical ana-
lyses. Weight change, burrowing, acquisition data from the MWM and 
virus-specific antibody levels were assessed by repeated-measures 
analysis of variance (ANOVA) followed by Tukey’s correction for mul-
tiple comparisons. Analysis of mRNA levels, cytokine production and 
reversal trial analyses for the MWM were performed using three-way 
ANOVA followed by Tukey correction for multiple comparisons. Out-
liers were checked by ROUT test where Q = 1%. In the few cases where 
outliers were detected their removal did not influence the data inter-
pretation and thus all data were included in the analysis and are rep-
resented in the figures. Correlations between burrowing behavior and 
weight change amongst infected mouse groups was assessed by Pearson 
correlation. Results are presented as means ± S.E.M. where individual 
points represent a single mouse.

3. Results

3.1. Clemastine treatment partially reversed virus-induced changes to 
body weight

Change in percent body weight was used as a proxy for assessing 
sickness and morbidity following infection (Fig. 1a–b). Regardless of 
sex, mice inoculated with IAV displayed a decrease in body weight, an 
effect that was partially reversed by clemastine treatment (Fig. 2a; 
Suppl. Fig. 1a). However, despite being inoculated with an equal in-
fectious dose of IAV, female mice lost more weight compared to male 
mice and treatment had a more pronounced effect on weight loss in male 
mice compared to female mice (Suppl. Fig. 1a). The weight loss data are 
consistent with the findings from others that indicate female mice 
exhibit increased morbiditiy following experimental infection with the 
PR8 strain of IAV(52,53).

3.2. Clemastine treatment alterations to cognitive flexibility caused by 
IAV infection

The MWM test is commonly used to assess spatial learning (acqui-
sition trials), memory (probe trial) and cognitive flexibility (reversal 
trial). When infected with IAV, male mice exhibited a decrease in their 
cognitive flexibility (Jurgens et al., 2012). As clemastine treatment was 
previously shown to improve cognitive function in various animal 

Fig. 2. Prophylactic clemastine treatment reverses IAV-induced cognitive impairment. a-d, Male and female C57BL/6 mice were treated with vehicle or 
clemastine (10 mg/kg/d) by oral gavage for one week prior to being inoculated intranasally with saline or IAV (100 p.f.u.). Treatment continued throughout the 
course of infection. The effect of infection and treatment (a) on changes to body weight from all cohorts of mice. Results are means ± S.E.M. from male and female 
mice together; n = 27–31 mice per group. Significance was determined by 3-way repeated measures ANOVA with Tukey post-hoc analysis. Main effects of day, 
infection and clemastine treatment are shown. Significance levels from post-hoc analysis *, p < 0.05. b-c, The effect of infection and treatment on memory acquisition 
trials as assessed by trial duration (b) and distance traveled to hidden platform (c) during acquisition days 1–5 (days 3-7 p.i.). Results are means ± S.E.M. from male 
and female mice together; n = 17–20 mice per group. Significance was determined by 3-way repeated measures ANOVA with Tukey post-hoc analysis. Main effect of 
day is indicated. The effect of infection and treatment on time spent in the correct quadrant during the probe trial (d). Results in d are means ± S.E.M. from male and 
female mice together; n = 17–20 mice per group. Significance was determined by 2-way ANOVA. e-f, Effect of infection and treatment on time spent in the correct 
new quadrant (e) as well as incorrect quadrant used in acquisition and probe testing (f). Data are means ± S.E.M. from males and females and are from n = 17–20 per 
group. Significance was determined by 3-way ANOVA with Tukey post-hoc analysis. Main effects of trial, infection (Inf) as well as trial x infection (Trial x Inf) and 
infection x treatment (Inf x Clem) interaction are shown.
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models of disease (Pan et al., 2020; Chen et al., 2021b; Cree et al., 2018; 
Barak et al., 2019), we questioned whether treatment would reverse the 
cognitive impairment brought on by infection. Therefore, male and fe-
male mice were randomized into treatment groups and the effect of 
prophylactic clemastine treatment on cognition was assessed by MWM 
(Fig. 1a).

During the acquisition training phase, mice inoculated with IAV 
developed a pronounced reduction in swimming velocity, which was not 
significantly affected by treatment (Suppl. Fig. 1b). Nevertheless, there 
was a time-dependent reduction in both the trial duration and the dis-
tance traveled that was required to find the hidden platform, indicating 
an ability to learn, which was not affected by either infection or clem-
astine treatment (Fig. 2b–c). Given the effect of sex on changes to 
weight, we next questioned whether swimming velocity, trial duration 
or swimming distance to the hidden platform was differentially affected 
in IAV-inoculated male and female mice. Virus-induced changes in 
swimming velocity did not differ between male and female mice (Suppl. 
Fig. 1c). However, infected female mice took longer to find the hidden 
platform than infected male mice during the aquistion trial (Suppl. 
Fig. 1d), although there was no significant effect of sex on distance 
traveled (Suppl. Fig. 1e). Interestingly, the increased trial duration 
amonst infected female mice was attributable to clemastine treatment 
(Suppl. Fig. 1d). Nevertheless, these data are in line with those previ-
ously published (Jurgens et al., 2012), which indicate that infected mice 
develop decreased swimming velocity, but display a similar capacity to 
learn when compared to saline-inoculated mice.

To determine whether infection or treatment affected spatial mem-
ory, a probe trial was conducted on day 8 p.i. (Fig. 1a). For this test, the 
hidden platform was removed and the percentage of time spent in the 
correct quadrant determined. There was neither an effect of infection 
nor treatment on performance in the probe trial (Fig. 2d). However, 
considering sex as a variable revealed that female mice spent less time in 
the correct quadrant compared with male mice, an effect likely attrib-
utable to differences between infected females and all other groups 
(Suppl. Fig. 1f). In contrast, the performance of infected male mice did 
not differ from non-infected male mice in the probe trial, as observed 
previously (Jurgens et al., 2012). Again, these data are consistent with 
the observation that female mice exhibited increased morbidity as a 
result of infection.

Finally, cognitive flexibility was assessed on day 9 p.i. using three 
reversal trials. For these trials the hidden platform was moved to the 
quadrant opposite to that of the probe trial, mice were placed on the 
platform in its new location for 15 s, then placed in the water at one of 
three starting positions. To ensure that mice had a preference for the 
correct quadrant containing the hidden platform, the percentage of time 
in the new correct quadrant as well as the previous quadrant used for the 
probe test was determined. Compared to saline-inoculated control mice, 
infected mice spent less time within the correct quadrant containing the 
hidden platform (Fig. 2e), but more time in the incorrect quadrant 
(Fig. 2f), strongly suggesting that infection reduced cognitive flexibility, 
as shown previously (Jurgens et al., 2012). Notably, the effect of 
infection on both the percentage of time spent in the correct quadrant as 
well as the time spent in the incorrect probe quadrant was reversed by 
prophylactic clemastine treatment (Fig. 2e–f).

To assess whether sex had an effect on reversal trial performance, the 
percentage of time that mice spent in the correct quadrant and incorrect 
probe quadrant was compared between male and female infected mice. 
Time spent in the correct quadrant during reversal testing was not 
different between male and female mice (Suppl. Fig. 1g), whereas fe-
male mice were found to spend less time in the incorrect probe quadrant 
than male mice (Suppl. Fig. 1h). Finally, the effect of trial, infection and 
treatment on total pathlength to the hidden platform was compared 
across groups. In general, the mean pathlength to the hidden plaform 
tended to be reduced as a result of continued trials (main effect of trial, p 
< 0.05), except in infected groups (trial by infection interaction, p <
0.05). However, there was no significant effect of clemastine treatment. 

Furthermore, comparisons between IAV-inoculated male and female 
indicated that pathlength between male and female mice did not differ 
(Suppl. Figs. 1i–k). Collectively, the data indicate that infected mice 
exhibit a decrease in cognitive function, as they spent more time in the 
incorrect quadrant that previously contained the platform and less time 
in the correct quadrant that contained the new location of the platform 
than non-infected mice and that clemastine treatment alleviated this 
effect to some extent.

3.3. Treatment did not affect infection-induced changes to burrowing 
behavior

The burrowing test measures motivation to perform an intrinsically 
ingrained task in rodents (Deacon, 2006). We previously found that 
infected male mice developed reduced burrowing activity that became 
evident by day 4 p.i. and persisted through day 10 p.i. (Louie et al., 
2022). While burrowing behavior is not a measure of cognition, it has 
been used to predict pathological changes to the hippocampus (Deacon 
et al., 2001; Deacon and Rawlins, 2005). To determine if clemastine 
treatment was capable of ameliorating infection-induced changes in 
burrowing activity, we first analyzed the data without considering sex as 
a variable. As in previous studies (Louie et al., 2022), infected mice 
exhibited a decrease in their burrowing response compared to 
saline-inoculated controls beginning at day 4 p.i. and being maximal at 
day 8 p.i. (Fig. 3a). These time points post infection correspond precisely 
to when mice decrease their food intake (Louie et al., 2022), and in the 
current study, changes in burrowing response was found to correlate 
with changes in weight (Fig. 3b), indicating that alterations to bur-
rowing behavior by IAV may also be linked to changes in motivation or 
indicative of lethargy. Having established an effect of infection, we next 
examined the effects of sex and treatment on changes in the burrowing 
response caused by infection with IAV. While there was no effect of sex 
on burrowing behavior, IAV-inoculated male mice treated with clem-
astine exhibited decreased burrowing compared to vehicle-treated 
controls, an effect that was not observed in female mice (Suppl. 
Fig. 2). These data show that the effects of infection on burrowing 
response was not improved by clemastine treatment, at least at the time 
points examined.

3.4. Treatment did not adversely affect the generation of anti-viral 
immune responses

Muscarinic receptors are expressed by lymphocytes and have been 
shown to influence immune function (Halder and Lal, 2021; Cameron 
et al., 1986). Alterations in immune responsiveness and/or viral load by 
treatment may have contributed to changes in cognitive capacity. As 
such, we sought to determine the effects of clemastine treatment on the 
generation of virus-specific immune responses and lung viral load. We 
first examined whether treatment altered lung-infiltrating immune cell 
populations, including T cells, B cells and myeloid cells (Fig. 4a), by flow 
cytometry at day 8 p.i., a time point which we previously found corre-
sponds to robust infiltration of adaptive immune cells (Louie et al., 
2022). We observed no change in the percentage of CD3+CD8− helper T 
(Th) cells across groups (Fig. 4b). However, infection increased the 
percentage of CD3+CD8+ cytotoxic T (Tc) cells and decreased the per-
centage of CD19+ B cells (Fig. 4d). Infection also increased CD11b +

Ly6Chi monocytes, and CD11b+Ly6G+ neutrophils within the lung 
(Fig. 4e–f). Clemastine treatment did not alter the percentage of any 
immune cell population examined (Fig. 4b–f). Infected female mice had 
an increased percentage of neutrophils within the lungs compared to 
infected male mice (Suppl. Fig. 3a). These data are in line with our 
previous findings that the percentage of weight loss was highly corre-
lated with the number of lung infiltrating granulocytes (Louie et al., 
2022).

It is possible that clemastine reduced the generation of virus-specific 
immune responses without affecting the percentage of infiltrating 
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immune cells in the lung. Therefore, to determine if treatment affected 
the generation of virus-specific cytotoxic T cells we performed antigen 
recall assays on primary splenocytes isolated at day 10 p.i., in which 
cultures were stimulated with immunodominant H-2Db–restricted pep-
tides from either IAV (PA224–233, NP366–374) or a non-specific virus 
(TMEV; VP2121–130) and IFN-γ production was assessed by ELISA. 
Splenocytes from IAV-inoculated mice readily produced IFN-γ following 
stimulation with both IAV-specific peptides (Fig. 5a–b), whereas little to 
no IFN-γ was produced in response to the control peptide (Fig. 5c). 
Clemastine treatment did not affect IFN-γ production in response to IAV- 
specific peptide stimulation. However, a comparison between infected 
male and female mice indicated that splenocytes from female mice 
produced more IFN-γ in response to IAV-specific peptide stimulation 
than those from male mice (Suppl. Fig. 3b).

To assess whether treatment altered the generation of an adaptive 
humoral response, we measured levels of virus-specific (HA-reactive) 
IgM and IgG levels in serum at day 10 p.i. Both antibody isotypes were 
substantially elevated in serum isolated from infected mice. Moreover, 
circulating levels of virus-specific IgM were increased by clemastine 
treatment (Fig. 5d), while virus-specific IgG levels were unaffected 
(Fig. 5e). Having established an effect of infection, we next excluded 

saline-inoculated controls in order to examine the effects of sex and 
treatment on the generation of virus-specific antibody levels. This 
analysis revealed that males had slightly increased levels of both virus- 
specific IgM and IgG compared to females. While clemastine treatment 
increased levels of serum anti-viral IgM in both sexes, treatment only 
increased levels of anti-viral IgG in male mice and did not affect levels in 
female mice (Suppl. Figs. 3c–d).

The above indicated that treatment did not cause immunosuppres-
sion and likely did not adversely affect viral load within the lungs. To 
test whether this was the case, we measured expression of viral M1, Ifng 
and Tnf transcripts in the lungs by RT-qPCR at day 10 p.i. Both viral M1 
and Ifng expression were readily detectable in the lungs of infected mice. 
Whereas, there was no significant effect of infection on expression levels 
of Tnf at this time point. Clemastine treatment did not affect the 
expression of either M1, Ifng or Tnf (Fig. 5f–h), indicating that treatment 
neither caused immunosuppression nor affected viral RNA levels within 
the lung.

It is notable that clemastine treatment has been shown to suppress 
circulating levels of IL-6 in response to experimental bacterial infection 
(Johansen et al., 2011). Since serum IL-6 is elevated during infection 
(Blackmore et al., 2017), and because increased circulating IL-6 has 
been correlated with altered cognition, we questioned whether treat-
ment affected serum IL-6. Mice inoculated with IAV had increased serum 
IL-6 at day 10 p.i., and while treatment appeared to suppress levels at 
this time point, the effect did not reach statistical significance (p =
0.063). Finally, there was no effect of sex on circulating IL-6 levels 
(Suppl. Fig. 4).

3.5. Infection increased hippocampal expression of genes associated with 
neuroinflammation and concurrently decreased OL-specific genes

We previously found that IAV infected mice exhibited increased 
hippocampal levels of genes indicative of glial activation, such as Tnf 
and Cdkn1a, and that increased expression of these genes corresponded 
to decreased levels of OL-specific genes including Ugt8a, Plp1 and Mag 
(Louie et al., 2023). Therefore, we sought to determine if clemastine 
treatment might act to influence the expression of these genes of inter-
est. Infection increased hippocampal expression levels of both Tnf and 
Cdkn1a, but treatment did not affect expression of either Tnf or Cdkn1a, 
indicating that treatment did not improve cognitive function by inhib-
iting Tnf or Cdkn1a within the hippocampus (Fig. 6a–b). Also, as 
observed previously (Louie et al., 2023), infection decreased expression 
levels of the oligodendrocyte specific genes Plp1 and Ugt8a in the hip-
pocampus (Fig. 6c–d). The expression of both Plp1 and Ugt8a was lower 
in female mice compared to male mice, and clemastine treatment did not 
alter expression of either of these genes. Furthermore, we observed no 
significant differences in hippocampal Mag expression between groups. 
However, there was trend for infection to decrease hippocampal Mag 
expression and for clemastine treatment to reverse this effect (infection 
by treatment interaction, p = 0.07; Fig. 6e). When sex was considered as 
a variable, infected female mice were found to have increased expres-
sion of Tnf and Cdkn1a (Suppl. Figs. 5a–b) and decreased expression of 
Plp1 and Ugt8a when compared to male mice (Suppl. Figs. 5c–d). There 
were no differences in Mag expression between male and female mice, 
regardless of condition. Increased expression of Tnf and Cdkn1a coupled 
with a concurrent decrease in Plp1 and Ugt8a in female mice compared 
to male mice is consistent with the finding that female mice displayed 
increased morbidity after infection. The inability for clemastine treat-
ment to restore Plp1 and Ugt8a expression indicate that alterations in 
expression of these specific genes in the hippocampus by infection is not 
likely to not account for changes to cognitive flexibility.

4. Discussion

In the current study, we investigated whether treatment with clem-
astine fumarate, could alleviate cognitive impairment brought on by 

Fig. 3. Burrowing behavior was not affected by clemastine treatment but 
was correlated with weight change. a-b, Male and female C57BL/6 mice 
were treated with vehicle or clemastine (10 mg/kg/d) by oral gavage for one 
week prior to being inoculated intranasally with saline or IAV (100 p.f.u.). 
Treatment continued throughout the course of infection. a, Burrowing behavior 
was assessed every other day until day 8 p.i. Results are from male and female 
mice together; n = 10–11 mice per sex per group. Significance was determined 
by 3-way repeated measures ANOVA with Tukey post-hoc analysis. Main effects 
of infection (Inf), day as well as the interaction between infection and day (Inf x 
Day) are shown. b, Data from infected mice were beginning at day 2 p.i. were 
used to assess correlations between burrowing behavior and changes to weight 
by Pearson correlation.
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Fig. 4. Clemastine treatment alter lung immune cell infiltration. a-j, Male and female C57BL/6 mice were treated with vehicle or clemastine (10 mg/kg/d) by 
oral gavage for one week prior to being inoculated intranasally with saline or IAV (100 p.f.u.). Treatment continued throughout the course of infection. a-e, Flow 
cytometry was used to determine the effect of infection and treatment on lung infiltrated immune cell populations at day 8 p.i. a, Gating strategy for identifying 
adaptive and innate immune cell percentage. The effect of infection and treatment on percentages of helper T cells (CD45+CD3+CD8− ) (b); cytotoxic T cells 
(CD45+CD3+CD8+) (c); B cells (CD45+CD19+CD11b− ) (d); monocytes (CD45+CD11b+Ly6C+Ly6G− ) (e); and neutrophils (CD45+CD11b+Ly6C+Ly6G+) (f), at day 8 
p.i. Results are means ± S.E.M. from male and female mice together; n = 10–11 mice per group. Significance was determined by 2-way ANOVA with Tukey post-hoc 
analysis. Main effect of infection is indicated.
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non-neurotropic IAV infection. The results herein suggest that prophy-
lactic treatment reversed changes to cognitive flexibility caused by 
infection, but that treatment did not alleviate virus-induced changes to 
burrowing behavior. Furthermore, we show that treatment did not 
adversely affect the generation of virus-specific adaptive immunity or 
influence levels of lung viral RNA or expression of the anti-viral cytokine 
Ifng. Rather, treatment increased virus-specific antibody levels and 
showed a tendency towards decreasing circulating IL-6. As in previous 
studies, we found that infection upregulated inflammatory markers 
within the hippocampus and concurrently decreased expression of the 
oligodendrocyte specific genes Plp1 and Ugt8a. Treatment did not alter 
markers of inflammation, but tended to restore Mag expression towards 

baseline levels. While we cannot rule out the effects of treatment on all 
markers of inflammation or indices of myelin/oligodendrocyte health, 
the data herein indicate that clemastine treatment may alleviate 
cognitive impairment caused by viral infection without causing overt 
immunosuppression. However, the mechanism of action remains to be 
determined.

Current research has highlighted a role for oligodendrocytes in 
facilitating learning and memory. Prior investigation has shown that the 
degree of myelination is, in part, dependent on neuronal activity, and 
that processes of oligodendrogenesis and myelination adaptation is 
triggered in specific brain regions, including the hippocampus, in 
response to spatial learning (Steadman et al., 2020). Moreover, 

Fig. 5. Clemastine treatment did neither impaired the generation of virus-specific adaptive immune respnses. a-h, Male and female C57BL/6 mice were 
treated with vehicle or clemastine (10 mg/kg/d) by oral gavage for one week prior to being inoculated intranasally with saline or IAV (100 p.f.u.). Treatment 
continued throughout the course of infection. a-c, At day 10 p.i. splenocytes isolated from a subset of mice and stimulated with immunodominant MHC class I 
restricted peptide sequences specific to IAV (H1N1 PR8; PA224-233 and NP366-374) or Theiler’s murine encephalomyelitis virus (VP2121-130) for 72h then IFN-γ levels 
determined by ELISA. Effect of infection and treatment on the production of IFN-γ from splenocyte cultures stimulated with PA224-233 (a), NP366-374 (b) and VP2121- 

130 (c). Results are means ± S.E.M. from male and female mice together; n = 5–6 per group. Significance was determined by 2-way ANOVA with Tukey post-hoc 
analysis. Main effect of infection is indicated. d-e, Effect of infection and clemastine treatment on serum IgM (d) and IgG (e) levels to recombinant H1N1 PR8 
hemagglutinin (HA) as determined by ELISA at day 10 p.i. Significance was determined by 3-way repeated measures ANOVA with Tukey post-hoc analysis. Results 
are means ± S.E.M. from male and female mice together; n = 7–14 mice per group. f-h, Lung mRNA expression levels of viral M1 (f), Ifng (g) and Tnf (h) were 
determined by RT-qPCR. Data are means ± S.E.M. from n = 5–11 mice per group. Significance was determined by 2-way ANOVA with Tukey post-hoc analysis. Main 
effect of infection (Inf) and infection x treatment (Inf x Clem) interactions are indicated.
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conditional deletion of oligodendrocyte myelin regulatory factor (Myrf), 
a transcription factor that is essential for maintaining myelin, inhibited 
oligodendrocyte precursor cell maturation and impaired spatial memory 
consolidation (Shimizu et al., 2023). Deficiency in myelination was also 
found to impact remote fear learning (Pan et al., 2020). Data herein 
show that clemastine treatment improved cognitive flexibility in 
IAV-infected mice, which may or may not implicate a role for oligo-
dendrocytes in this process. While we did not measure myelination in 
the current study, it was recently shown that clemastine treatment 
improved cognitive function in an animal model of pain-induced 
memory impairment, and that this improvement was associated with 
increased hippocampal myelination (Zhu et al., 2024). The data herein 
show that clemastine treatment did not alter infection-induced de-
creases in either Plp1 or Ugt8a expression. However, there was a trend 
towards reversing the suppressive effect of IAV on hippocampal Mag 
levels. In the CNS, MAG is located at the periaxonal space where it 
suspected to function in neurotropic support, myelin compaction and 
contribute to myelin maintenance (Quarles, 2007). Interestingly, Bac-
meister et al. (2020) found that motor learning was associated with 
myelin remodeling, potentially implicating proteins involved in myelin 
membrane and/or lipid organization, such as MAG, in this process 
(Bacmeister et al., 2020). It is also notable that homozygous missense 
mutations in MAG have been found to underlie the development of 
Pelizaeus-Merzbacher-like disease, an infantile demyelinating leuko-
dystrophy associated with motor and cognitive deficits (Lossos et al., 
2015; Roda et al., 2016). Future research is needed to determine 
whether clemastine acts to specifically affect oligodendrogenesis, 
maturation, myelin remodeling or the metabolic state of oligodendro-
cytes during viral infection.

Clemastine is an immunomodulatory compound, but the effect of 
treatment on the generation of pathogen-specific immunity is limited. In 
previous studies, clemastine treatment was shown to suppress innate 
immune responses, including production of TNF and IL-6 following 
Listeria monocytogenes infection in mice, resulting in increased pathogen 
load and decreased survival rates (Johansen et al., 2011). The same 
group reported that treatment delayed the development of sepsis 
following an acute lipopolysaccharide challenge, which is consistent 
with the ability for clemastine to suppress acute phase protein produc-
tion. Clemastine treatment was also shown to affect macrophage func-
tion in zebrafish following experimental infection with Mycobacterium 

marinum. However, in this model, treatment promoted inflammasome 
activation in a manner that was dependent on the purinergic receptor 
P2RX7 and limited infection (Matty et al., 2019). Interestingly, clem-
astine suppressed SARS-CoV-2 replication in vitro (Bacmeister et al., 
2022). Finally, in humans, clemastine treatment reduced rhinorrhea 
scores during experimental (Gwaltney et al., 1996) and naturally 
occurring rhinoviral infection (Turner et al., 1997). As such, clemastine 
treatment may have alleviated virus-induced cognitive flexibility by 
affecting peripheral inflammation. Therefore, we assessed the effect of 
treatment and sex on the generation of virus-specific immunity. While 
the timeframe of assessment in the current study was limited to days 8 
and 10 p.i., the data herein suggest that prophylactic clemastine treat-
ment did not alter lung percentages of immune cells at a time point that 
corresponds to peak sickness. Instead, treatment increased IAV-specific 
IgM responses in both male and female mice and IgG responses in 
male mice. Treatment did not affect IFN-γ production in response to 
immunodominant MHC class I restricted IAV epitopes, and did not affect 
expression of lung Ifng or the viral M1 gene. Finally, while the effect was 
not significant, there was a tendency for treatment to suppress circu-
lating levels of IL-6 at day 10 p.i. Collectively, these data suggest that 
treatment did not adversely alter the generation of anti-IAV immune 
responses and did not cause overt immunosuppression or immune 
activation, but may have aided in the resolution of peripheral inflam-
mation. As such, future studies are needed to parse out the central verses 
peripheral effects of clemastine treatment on virus-induced changes to 
cognition.

Finally, a major strength of the current study is the inclusion of both 
sexes in our analyses, which led to some interesting observations. As 
reported by others, our data demonstrate that female mice were more 
susceptible to IAV compared to male mice (Krementsov et al., 2017; 
Sabikunnahar et al., 2022; Lorenzo et al., 2011; Klein et al., 2012). 
Previous comparisons between male and female mice infected with IAV 
have consistently shown that females mount a higher anti-viral IgG 
response than males, especially by day 21 p.i. (Lorenzo et al., 2011; Fink 
et al., 2018). Virus-specific T cell responses are also reportedly higher in 
IAV-infected female mice compared with male mice. In line with pre-
vious findings, results from antigen recall assays to viral epitopes per-
formed in the current study indicated that females had a higher 
anti-viral CD8 T cell response than males (Fink et al., 2018). In 
contrast to findings of others, our results show that at day 10 p.i., male 

Fig. 6. Effect of treatment on markers of neuroinflammation and oligodendrocyte homeostasis in the hippocampus. a-e, Male and female C57BL/6 mice 
were treated with vehicle or clemastine (10 mg/kg/d) by oral gavage for one week prior to being inoculated intranasally with saline or IAV (100 p.f.u.). Treatment 
continued throughout the course of infection. At day 10 p.i. expression of genes associated with neuroinflammation (a–b) and oligodendrocyte homeostasis (c–e) 
were determined by RT-qPCR. Results are from male and female mice together; n = 5–7 mice per sex per group. Data are expressed as means ± S.E.M. Significance 
was determined by 2-way ANOVA with Tukey post-hoc analysis. Main effects of infection are indicated.
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mice had higher circulating levels of anti-HA IgM and IgG compared to 
females. The sex effect was more pronounced for IgM than IgG. The 
discrepancy in anti-viral antibody responses between the current study 
and those of others may be attributable to the timeframes during which 
these responses were measured, the fact that we only assessed antibody 
responses to hemagglutinin rather than the whole virus, and/or anti-
body isotype assessed.

Sex differences in disease outcome following respiratory infections is 
well established and likely has multifaceted underpinnings. For 
instance, differential susceptibility of males and females to respiratory 
viral infection is partially attributable to the immunomodulatory effects 
of sex hormones (Cervantes et al., 2022), but also genetic variation on 
the Y chromosome (Krementsov et al., 2017) as well as host genotype 
(Sabikunnahar et al., 2022). We did not discern the specific factors 
contributing to sex differences in the current study. However, that male 
and female mice respond differently to IAV is noteworthy when 
attempting to interpret the effect of sex on treatment as observed by 
sickness behaviors as well as changes to neuroinflammatory markers 
since these differences were likely driven by systemic responses to 
infection. As such, to accurately address sex differences in neuro-
inflammatory responses resulting from peripheral pathogen infection, 
future experimental design should consider normalizing the sickness 
response between sexes by altering the initial pathogen load.

In conclusion, we found that IAV-induced detriments to cognitive 
flexibility could be improved by prophylactic treatment with the pro- 
myelinating drug clemastine. While the mechanisms of action remain 
an enigma, our data suggest that treatment did not impair the generation 
of anti-viral immunity. As such, the data herein suggest that clemastine 
may prove to be efficacious in preventing cognitive impairment and 
other neurological sequelae brought on by respiratory viruses such as 
IAV and also SARS-CoV-2.
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