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Abstract 30 

 31 

Cognitive impairments are key features in multiple sclerosis (MS), a progressive disorder 32 

characterized by neuroinflammation-induced demyelination in the central nervous system (CNS). To 33 

understand the neural substrates that link demyelination to cognitive deficits in MS, we investigated 34 

hippocampal neurogenesis and synaptic connectivity of adult-born neurons, which play an essential role 35 

in cognitive function. The administration and withdrawal of the combination of cuprizone and rapamycin 36 

(Cup/Rap) in C57BL/6J male mice efficiently demyelinated and remyelinated the hippocampus, 37 

respectively. In the demyelinated hippocampus, neurogenesis was nearly absent in the dentate gyrus 38 

(DG), which was due to inhibited proliferation of neural stem cells (NSCs). Specifically, radial glia-like 39 

Type 1 NSCs were shifted from a proliferative state to a mitotically-quiescent state in the demyelinated 40 

hippocampus. In addition, dendritic spine densities of adult-born neurons were significantly decreased, 41 

indicating a reduction in synaptic connections between hippocampal newborn neurons and excitatory 42 

input neurons. Concomitant with hippocampal remyelination induced by withdrawal of Cup/Rap, 43 

proliferation of Type 1 NSCs and dendritic spine densities of adult-born neurons reverted to normal in 44 

the hippocampus. Our study shows that proliferation of hippocampal NSCs and synaptic connectivity of 45 

adult-born neurons are inversely correlated with the level of myelination, providing critical insight into 46 

hippocampal neurogenesis as a potential therapeutic target to treat cognitive deficits associated with 47 

MS.  48 

  49 
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Significance Statement 50 

 51 

To identify the neural substrates that mediate cognitive dysfunctions associated with a majority of 52 

MS patients, we investigated hippocampal neurogenesis and structural development of adult-born 53 

neurons using a Cup/Rap model, which recapitulates the hippocampal demyelination that occurs in MS 54 

patients. A shift of NSCs from a proliferatively-active state to mitotically-quiescent state dramatically 55 

decreased neurogenesis in the demyelinated hippocampus. Formation of dendritic spines on newborn 56 

neurons was also impaired following demyelination. Interestingly, the altered neurogenesis and synaptic 57 

connectivity of newborn neurons were reversed to normal levels during remyelination. Thus, our study 58 

revealed reversible genesis and synaptic connectivity of adult-born neurons between the demyelinated 59 

and remyelinated hippocampus, suggesting hippocampal neurogenesis as a potential target to normalize 60 

cognitive impairments in MS patients. 61 

 62 

  63 
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Introduction 64 

 65 

Multiple sclerosis (MS) is an inflammatory-mediated demyelinating disease of the central nervous 66 

system (CNS) that afflicts more than one million individuals in the United States (Noseworthy et al., 2000; 67 

Wallin et al., 2019). MS is a progressive and chronic neurological disease that often begins in the 3rd or 68 

4th decade of life and eventually reduces lifespan by 7-8 years. While MS was historically considered to 69 

be a white-matter disease, it is now well-established that cortical and deep gray-matter demyelination 70 

are prominent features of MS (Gilmore et al., 2009; Trapp et al., 2018).   71 

 72 

MS is characterized by motor, sensory, and cognitive impairments. In particular, cognitive 73 

dysfunction occurs in greater than 50% of MS patients and negatively impacts memory, learning, and 74 

information processing speed (Chiaravalloti and DeLuca, 2008). Brain imaging studies of living MS 75 

patients implicate hippocampal atrophy and hippocampal demyelination as contributors to the cognitive 76 

decline (Longoni et al., 2013; Preziosa et al., 2016). Postmortem studies of hippocampi from chronic MS 77 

brains have reported decreases in synaptic densities and molecular changes that negatively impact 78 

learning and memory (Papadopoulos et al., 2009; Dutta et al., 2011). However, since fatalities are rare 79 

during early stages of MS, little is known about the acute effects of hippocampal demyelination on 80 

cognitive dysfunctions in MS patients. 81 

 82 

Reliable rodent models have been developed to study acute changes in the demyelinated 83 

hippocampus (Dutta et al., 2013; Sachs et al., 2014; Bai et al., 2016). The most commonly-described 84 

rodent model of hippocampal demyelination involves feeding mice a diet containing cuprizone, which is 85 

a copper-chelating agent that kills oligodendrocytes. The combination of a cuprizone diet and and daily 86 
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intraperitoneal (IP) injections of rapamycin (Cup/Rap) has also been used to ensure more complete and 87 

consistent demyelination because rapamycin significantly lowers spontaneous remyelination associated 88 

with cuprizone treatment (Sachs et al., 2014; Bai et al., 2016). Indeed, six to twelve weeks of Cup/Rap 89 

treatment demyelinates over 90% of the mouse hippocampus, and these mice have deficits in learning 90 

and memory function as measured by the Morris water maze test (Dutta et al., 2013). Replacing 91 

cuprizone chow with standard chow initiates remyelination by 6 weeks, which restores over 60% of 92 

hippocampal myelin as well as learning and memory (Dutta et al., 2013). This cuprizone model, therefore, 93 

provides a useful platform to study hippocampal demyelination and remyelination. 94 

  95 

In this study, using a Cup/Rap-induced MS model (Bai et al., 2016), we investigated hippocampal 96 

neurogenesis in the acutely demyelinated and remyelinated hippocampus. Hippocampal neurogenesis is 97 

a life-long process in which neural stem cells (NSCs) continuously generate new neurons referred as to 98 

dentate granule cells (DGCs) (Gage, 2002; Suh et al., 2007). Since neuronal development and circuit 99 

integration of adult-born DGCs play an essential role in cognitive function, structural and functional 100 

changes in newborn DGCs can serve as surrogates representing cognitive function and dysfunction 101 

associated with demyelination and remyelination. Our study revealed that hippocampal neurogenesis, as 102 

well as structural development and synaptic connectivity of newborn DGCs, were severely inhibited in 103 

Cup/Rap mice. Interestingly, altered neurogenesis and synaptic connectivity of newborn DGCs that had 104 

occurred in the demyelinated hippocampus were reversed concomitant with hippocampal remyelination 105 

induced by withdrawal of Cup/Rap. This indicates that the NSC reservoir was preserved as quiescent 106 

NSCs in Cup/Rap mice, and that these mitotically-dormant NSCs were reactivated to proliferate in the 107 

remyelinated hippocampus. This study supports the concept that hippocampal neurogenesis and 108 

development of newborn DGCs are inversely correlated with the level of myelination, providing valuable 109 
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insight into hippocampal neurogenesis as a potential target to normalize cognitive impairments in MS 110 

patients. 111 

112 
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Materials and Methods 113 

 114 

Animals 115 

Eight-week-old C57BL/6J male mice were purchased from The Jackson Laboratory and used in all 116 

experiments because male mice show more consistent demyelination and remyelination in response to 117 

cuprizone, while demyelination in female mice has been shown to be more resistant to cuprizone 118 

treatment (Taylor et al., 2009) and more variable due to the estrous cycle (Acs et al., 2009). All 119 

experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of 120 

the Cleveland Clinic Foundation. 121 

 122 

Cuprizone treatment 123 

The Cup/Rap treatment procedure was described in detail in a previous publication (Bai et al., 2016). 124 

Briefly, mice were fed a chow diet containing 0.3% cuprizone (Sigma C9012) for 6 weeks to induce 125 

demyelination. During this time, mice were injected once daily with 10 mg/kg rapamycin IP. Control 126 

groups included an age-matched group (AM) and a rapamycin-treated group (Rap). In some experiments, 127 

to separate the potential effects of rapamycin from cuprizone, 4 mouse groups were used: cuprizone 128 

only (Cup), rapamycin only (Rap), Cup/Rap, and AM. At the end of the 3- or 6-week treatment period, 129 

mice were either sacrificed to evaluate the effects of demyelination, or switched to normal chow for an 130 

additional 6 weeks to study the effects of remyelination.  131 

 132 

Retrovirus injection 133 

To label hippocampal newborn neurons, mice were anesthetized with 100 mg/kg ketamine plus 10 134 

mg/kg xylazine, and a GFP-expressing retrovirus (RV-CAG-GFP, 5~8 x 109 CFU/ml) was injected bilaterally 135 
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into the hippocampus before the onset of cuprizone treatment (Golub et al., 2015). The following 136 

coordinates relative to bregma were used: Anterior to Posterior (AP) -2.5 mm, Medial to Lateral (ML) 137 

±2.65 mm, Dorsal to Ventral (DV) -3.4 mm. One microliter of virus was injected into each site through a 138 

Hamilton syringe with a 33-gauge needle. The injection speed was 0.1 μl/min. The needle was retained 139 

in place for 5 min before retraction. Mice were allowed to recover for one week after surgery and then 140 

were fed with the cuprizone diet. 141 

 142 

Sample collecting 143 

Mice were injected (i.p.) with 3 doses of 100 mg/kg BrdU (5-Bromo-2ʹ-deoxyuridine, Sigma B5002) or 144 

CldU (5-Chloro-2ʹ-deoxyuridinem, Sigma C6891) at 2-hour intervals at the end of 3 or 6 weeks of 145 

demyelination or 6 weeks of remyelination. Two hours after the final injection, mice were deeply 146 

anesthetized with ketamine/xylazine and perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate 147 

buffer (PB). Brains were dissected and further fixed in 4% PFA for 24 hours, then transferred into 30% 148 

sucrose solution until submerged. Brains were then frozen on dry ice and cut into coronal sections (40 149 

μm thick) on a Leica SM2010 sliding microtome. Sections were placed into anti-freezing solution 150 

containing 30% glycerol, 20% ethyl glycol, and 50% PB and were stored at -20oC until use. 151 

 152 

Immunostaining of free-floating sections  153 

The following antibodies were used in this study: myelin binding protein (MBP, DAKO A0623, Rabbit, 154 

1:250); proteolipid protein (PLP, Rat, 1:100) (Bai et al., 2016); BrdU (Accurate QTB0030, Rat, 1:500); BrdU 155 

(BD Science 347580, Mouse, 1:500); MCM2 (Santa Cruz sc-9839, Goat, 1:200); Ki67 (Cell Signaling 156 

Technology 9129, Rabbit, 1:500); doublecortin (DCX, Santa Cruz sc-8066, Goat, 1:500); SOX2 (Chemicon 157 

AB5770, Rabbit, 1:500); NG2 (Milllipore AB5320, Rabbit, 1:400); CC-1 (Millipore OP80, Mouse, 1:200); 158 
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Iba1 (Wako 019-19741, Rabbit, 1:1000); and GFAP (Rabbit, Dako Z0344, 1:1000; Guinea pig, Advanced 159 

Immuno, 1:1000). Secondary antibodies (AF488/Cy3/AF647 - Donkey anti Rabbit, AF488 - Donkey anti 160 

Goat, Cy3 - Donkey anti Mouse, Cy3 - Donkey anti Rat, Cy3 - Donkey anti Guinea pig) were purchased 161 

from Jackson Immunoresearch. Every 6th or 12th section containing the hippocampus were selected for 162 

immunostaining. For immunofluorescent staining, sections were rinsed three times in tris-buffered 163 

saline (TBS) containing 0.25% Triton X-100 (TBST) for 15 min each. For MCM2 staining, an additional 164 

antigen retrieval step (10 mM citric acid, 100oC, 10 min) was performed before blocking. For BrdU and 165 

CldU staining, sections were treated with 2 M HCl for 30 min at 56oC, neutralized with 0.1 M boric acid 166 

for 10 min, and then blocked. Sections were blocked in 3% donkey serum/TBST for 1 hour at room 167 

temperature (RT). Sections were then incubated in primary antibody for either 3 days (MBP, PLP, NG2, 168 

CC-1) or overnight (all others) at 4oC. After washing three times in TBST for 15 min each, sections were 169 

incubated in secondary antibody for 2 hours at RT. Sections were washed in TBST, counter-stained with 170 

DAPI (Sigma, D9542), and mounted. For PLP staining, 3, 3'-diaminobenzidine (DAB, Vector SK-4100) was 171 

used as chromogen, and sections were dehydrated with ethanol and cleaned with xylenes before 172 

mounting. 173 

 174 

Quantification of immunostaining 175 

Quantification was performed in a blinded fashion. For myelin status, three sections from the rostral, 176 

middle, and caudal parts (AP -1.8, -2.5, and -3.2 mm from bregma) of the hippocampus per mouse were 177 

stained with PLP and MBP, and three sections of the subventricular zone (SVZ) (AP +1.0, +0.6, and +0.2 178 

mm from bregma) were stained with MBP. Sections were then imaged under a 20x objective, imported 179 

into ImageJ (NIH), and the density was measured. For analysis of the cell-cycle markers BrdU, Ki67, and 180 

MCM2, the positive cell number in the subgranular zone (SGZ) of the right hemisphere was counted 181 
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under a 20x objective from every 6th (for BrdU) or 12th (for Ki67 and MCM2) section. The results are 182 

reported as the summation of cell number multiplied by 6 or 12 per mouse. For the analysis of DCX, 183 

three rostral, middle, and caudal sections of the hippocampus per mouse were imaged under a 20x 184 

objective for 1-μm-interval z-series images using a Keyence BZ-X700 fluorescence microscope (Osaka, 185 

Japan). The maximum projection images were then imported into ImageJ. The images of DCX were 186 

converted to 8-bit format and thresholded. The percent area occupied by DCX-positive staining in the 187 

granular cell layer was calculated by averaging the value from the three sections for each mouse. For 188 

quantification of neurogenesis in the SVZ, every 12th section was stained with BrdU and DCX, and the 189 

same analysis was performed as used in the SGZ. For neural stem cell quantification, eight 190 

randomly-chosen areas from four hippocampal sections of each mouse were captured under a 63x oil 191 

objective using a Leica SP5 confocal microscope. The z-stack depth was 20 μm. NSCs were defined as 192 

double-positive cells for SOX2 and GFAP with an inverted "Y"-shape. NSC number was counted for each 193 

area to obtain the average value for each mouse and presented as number per mm3. Furthermore, 194 

SOX2/GFAP/MCM2 triple-positive cells were defined as activated NSCs (Song et al., 2012), and the 195 

percentage of activated NSCs among total NSCs was calculated. For NG2-positive oligodendrocyte 196 

precursor cells (OPCs), the number in the hilus and molecular layer of DG (Mol-DG) was manually 197 

counted for every 12th section and presented as the summation multiplied by 12 per mouse. For mature 198 

oligodendrocytes that were CC-1 positive, sections were analyzed with 1-μm-interval z-series images 199 

using a Keyence microscope. Three random areas of DG were selected for each section and the CC1+ cell 200 

number in these areas was counted and expressed as number per mm2. For microglia, the number of 201 

Iba1-positive cells in the hilus and Mol-DG was manually counted for every 12th section and presented as 202 

the summation multiplied by 12. The soma size of microglia was measured with ImageJ software. To 203 

analyze glial proliferation in the non-neurogenic areas of DG (Mol-DG and hilus), every 12th section was 204 
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double-stained with BrdU or CldU and a glial marker, and then the numbers of BrdU+ or CldU+ cells were 205 

counted and presented as the summation multiplied by 12. To calculate the proportion of glial cells in 206 

the proliferating cells, sections were counted under a 40x objective using a Leica confocal microscope. 207 

For 3 weeks of demyelination, the percentages of Iba1+, NG2+, or GFAP+ cells among BrdU+ cells were 208 

calculated. For 6 weeks of demyelination and remyelination, the percentage of NG2+ cells among BrdU+ 209 

or CldU+ cells were calculated. The number of double-positive cells examined in each animal varied 210 

between 3 and 42, since there were few proliferating cells in the non-neurogenic areas of DG.  211 

 212 

Dendritic analysis 213 

Methods pertaining to studying the morphology of newborn neurons were described in detail previously 214 

(Golub et al., 2015). For morphological analysis, z-series images with 0.5 μm intervals were captured for 215 

GFP-expressing neurons under a 63x oil objective using a Leica confocal microscope. Maximum 216 

z-projection pictures were created in LAS AF software (Leica Microsystems CMS GmbH, Mannheim, 217 

Germany) and imported into ImageJ software with NeuronJ plugin for measurements of dendritic length. 218 

For analysis of dendritic spine density, z-series images with 0.2 μm intervals were captured under a 63x 219 

oil objective with a digital zoom factor of 3. The distal, middle, and proximal segments of the dendrite 220 

were captured, respectively. The maximum z-projection images were opened in ImageJ software to 221 

measure the length of each segment. The number of spines on each segment was counted manually and 222 

are presented as the number of spines per μm. 223 

 224 

Experimental design and statistical analysis 225 

All experiments were performed on age-matched groups containing 5-6 mice per group. Every 6th or 12th 226 

section containing hippocampus was selected for staining and quantification. For cell size analysis of 227 
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microglia, 8-10 cells were randomly selected for each animal; therefore, a total of 40-50 cells was 228 

measured for each group. For analysis of structure and spine density of newborn neurons, 4-6 neurons 229 

with intact dendritic branches were analyzed for each animal; therefore, a total of 22-30 neurons was 230 

analyzed for each group. All data are expressed as mean ± SEM. Data were analyzed by one-way ANOVAs 231 

using Graphpad Prism 7.0 software (San Diego, CA). Bonferroni's multiple comparison post hoc test was 232 

applied to compare differences among groups. The significance level was set as p < 0.05. 233 

  234 
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Results 235 

 236 

Cup/Rap reversibly induces hippocampal demyelination and remyelination  237 

 238 

To achieve consistent and extensive demyelination, we used the combination of cuprizone and 239 

rapamycin (Cup/Rap) and examined hippocampal demyelination (Sachs et al., 2014; Bai et al., 2016). AM 240 

mice and mice treated with rapamycin only (Rap) were used as control groups. Six weeks of Cup/Rap 241 

treatment successfully demyelinated the hippocampus (Fig. 1A – E). The expression of PLP and MBP, 242 

proteins that are associated with myelin, was dramatically reduced in the molecular layer (MolDG) of the 243 

dentate gyrus (DG) as well as the hilus of the hippocampus, compared to AM and Rap control mice (Fig. 244 

1B - E, for PLP, F(2,14) = 50.7, p < 0.0001, one-way ANOVA; for MBP, F(2,14) = 12.17, p = 0.0013, one-way 245 

ANOVA). The density of CC1+ mature oligodendrocytes was significantly decreased (> 90%), indicating 246 

efficient ablation of mature oligodendrocytes in Cup/Rap mice compared to control mice (Fig. 1F-G, 247 

F(2,14) = 141.7, p < 0.0001, one-way ANOVA). In addition, the number of NG2+ oligodendrocyte 248 

progenitor cells (OPCs) was reduced by 25% in Cup/Rap mice (Fig. 1H-I, F(2,14) = 5.307, p = 0.0244, 249 

one-way ANOVA). During the 6-week withdrawal period following 6 weeks of Cup/Rap treatment, 250 

spontaneous remyelination was observed. In the absence of Cup/Rap, the expression of myelin proteins 251 

such as PLP and MBP reverted to control levels (Fig. 1B - E, for PLP, F(2,14) = 0.5064, p = 0.615, one-way 252 

ANOVA; for MBP, F(2,14) = 0.1679, p = 0.8475, one-way ANOVA). Although the density of CC1+ cells did 253 

not fully recover to the level of control mice, an increase in the number of CC1+ mature oligodendrocytes 254 

was associated with remyelination (Fig. 1F-G, F(2,14) = 47.91, p < 0.0001, one-way ANOVA). The number 255 

of NG2+ OPCs was indistinguishable from control mice (Fig. 1H-I, F(2,14) = 1.351, p = 0.2957, one-way 256 

ANOVA). These results show that the administration and withdrawal of Cup/Rap reliably induced 257 
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demyelination and remyelination in the hippocampus, respectively.  258 

 259 

Increased number and size of microglia in the Cup/Rap-treated hippocampus 260 

 261 

To examine inflammation associated with demyelination, we examined the number, as well as the 262 

size, of Iba1+ microglia as a surrogate marker for inflammation in Cup/Rap mice (Fig. 2A). To our surprise, 263 

6 weeks of Cup/Rap treatment did not significantly change either the number or the size of Iba1+ 264 

microglia in the demyelinated hippocampus compared with the AM group (Fig. 2B, for number, F(2,15) = 265 

6.608, p = 0.0105; for size, F(2,130) = 0.973, p = 0.3807, one-way ANOVA), whereas a reduction in Iba1+ 266 

cell number was observed in the Rap group (Fig. 2B). Both the number and size of Iba1+ microglia were 267 

also indistinguishable from control mice when examined at 6 weeks after Cup/Rap withdrawal (Fig. 2C, 268 

for number, F(2,14) = 0.73678, p = 0.4992; for size, F(2,117) = 0.2996 p = 0.7439, one-way ANOVA). Next, 269 

we tested the possibility that microglia were activated during the early stages of demyelination. Indeed, 270 

at 3 weeks of Cup/Rap treatment, both the number and the size of Iba1+ microglia significantly increased 271 

compared to the AM and Rap control groups (Fig. 2D-E, for number, F(2,15) = 13.7, p = 0.0006; for size, 272 

F(2,133) = 28.21, p < 0.0001, one-way ANOVA).  273 

 274 

We next examined whether proliferation of microglia was attributable to an increase in the number 275 

of Iba1+ microglia in the hippocampus of Cup/Rap mice. At 3 weeks of Cup/Rap treatment, the number 276 

of BrdU+ cells was significantly increased in non-neurogenic areas such as the MolDG and hilus of the 277 

hippocampus (Fig. 3A-B, F(2,15) = 8.857, p = 0.0037, one-way ANOVA). Interestingly, Iba1+ microglia 278 

represented the major proliferating cell population among BrdU+-dividing cells in non-neurogenic areas 279 

at 3 weeks of demyelination (Fig. 3C, F(2,15) = 22.55, p < 0.0001, one-way ANOVA), whereas NG2+ OPCs 280 
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were the predominantly dividing cells in control mice (Fig. 3C, F(2,15) = 13.76, p = 0.0006, one-way 281 

ANOVA). In both 6 weeks of Cup/Rap treatment and following 6 weeks of withdrawal of Cup/Rap, the 282 

number of dividing cells, as well as the proportions of dividing cell types, were not different from control 283 

mice (Fig. 3B and D-E), indicating that increased proliferation of Iba1+ cells contributed to the induction 284 

of Iba1+ cells at the early stage of Cup/Rap treatment (Fig. 3D-E). Proliferating GFAP+ astrocytes were not 285 

detected at any of the three time points that we analyzed in either control or Cup/Rap mice (Fig. 3C, and 286 

data not shown). 287 

 288 

Reversible changes in hippocampal neurogenesis during treatment and withdrawal of Cup/Rap 289 

 290 

To determine changes in hippocampal neurogenesis in the demyelinated and remyelinated 291 

hippocampus, we first treated mice with Cup/Rap to examine the proliferation index in the SGZ of the 292 

hippocampus, as well as in the SVZ of the lateral ventricles, which present two neurogenic niches (Fig. 293 

4A). Treatment with both Cup/Rap and Cup alone significantly demyelinated the hippocampus and SVZ 294 

area compared to AM and Rap control groups (Fig. 4B-C, SGZ, F(3,18) = 37.79, p < 0.0001, one-way 295 

ANOVA; SVZ, F(3,18) = 11.45, p = 0.0004, one-way ANOVA). To determine proliferation index, BrdU was 296 

administered at the end of the 6-week treatment with Cup/Rap. Both SGZ and SVZ showed a reduced 297 

number of BrdU+ cells in Cup/Rap mice, as well as in Cup mice (SGZ, F(3,19) = 93.41, p < 0.0001, one-way 298 

ANOVA; SVZ, F(3,19) = 6.674, p = 0.0039, one-way ANOVA), although the effects of Cup/Rap or Cup on 299 

proliferation were more severe in the SGZ as shown by the near absence of BrdU-incorporated cells (Fig. 300 

4D-E). Consistent with reduced proliferation of NSCs in the SGZ, the DCX immuno-positive area was also 301 

abrogated in both Cup/Rap and Cup mice (Fig. 4F-G, F(3,19) = 83.76, p < 0.0001, one-way ANOVA). 302 

Interestingly, the reduction in the coverage of DCX-immuno-positive area was only evident in the SVZ of 303 
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Cup/Rap mice (F(3,19) = 4.26, p = 0.0216, one-way ANOVA), suggesting a differential sensitivity of 304 

proliferating cells in the SGZ and SVZ to treatment with Cup/Rap (Fig.4F-G). 305 

 306 

Interestingly, this decreased proliferation index reverted to control levels in the SGZ after 6 weeks of 307 

withdrawal from Cup/Rap. The numbers of Ki67+ cells, as well as CldU-incorporated cells, returned to 308 

basal levels (Fig. 4H-I, for Ki67, F(2,14) = 2.045, p = 0.1721, one-way ANOVA; for CldU, F(2,14) = 0.7260, p 309 

= 0.5039, one-way ANOVA). Increased proliferation of NSCs normalized the production of newborn 310 

neurons, showing DCX expression that was indistinguishable from control mice in the remyelinated 311 

hippocampus (Fig. 4H-I, F(2,14) = 0.7252, p = 0.5043, one-way ANOVA).  312 

 313 

NSCs become proliferatively quiescent in the Cup/Rap-induced demyelinated hippocampus 314 

 315 

To test whether the reduced number of NSCs is attributable to decreased proliferation in the 316 

demyelinated hippocampus, we quantified the density of NSCs in Cup/Rap mice. SOX2 and GFAP were 317 

used to identify and quantify radial glia-like NSCs (RG-NSCs) or Type 1 NSCs in the SGZ (Suh et al., 2009; 318 

Kempermann et al., 2015). The density of SOX2/GFAP double-positive Type 1 NSCs did not change, 319 

indicating that the pool size of Type 1 NSCs was maintained in Cup/Rap mice (Fig. 5A-C, F(2,15) = 0.2619, 320 

one-way ANOVA). MCM2 is a G1 phase-specific marker and has been used to determine the proliferation 321 

state of hippocampal NSCs (Maslov et al., 2004; Suh et al., 2007; Song et al., 2012). The number of 322 

MCM2+ cells was significantly decreased in Cup/Rap mice (Fig. 5D-E, F(2,15) = 36.17, p < 0.0001, one-way 323 

ANOVA). More importantly, while 6.47 ± 0.87% of GFAP/SOX2 double-positive Type 1 NSCs expressed 324 

MCM2 in AM control mice, none of the Type 1 NSCs showed MCM2 expression in Cup/Rap mice, 325 

indicating that Type 1 NSCs shifted to a proliferatively-quiescent state in Cup/Rap mice (Fig. 5F-G, F(2,15) 326 
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= 23.32, p < 0.0001, one-way ANOVA). Consistent with normalized proliferation in the SGZ during the 327 

withdrawal of Cup/Rap, the number of SOX2/GFAP double-positive Type 1 NSCs (F(2,14) = 0.3928, p = 328 

0.6843, one-way ANOVA), MCM2+ cells (F(2,14) = 2.819, p = 0.0992, one-way ANOVA), as well as 329 

MCM2/GFAP/SOX2 triple-positive Type 1 NSCs (F(2,14) = 0.1457, p = 0.8661, one-way ANOVA) were 330 

restored to control levels (Fig. 5B-G) during a 6-week withdrawal of Cup/Rap. 331 

 332 

Dendritic length and spine density of newborn neurons are decreased in Cup/Rap mice 333 

 334 

To investigate the development of hippocampal newborn DGCs in the demyelinated brain, we 335 

injected GFP-expressing retrovirus into the DG and examined the structure of newborn neurons during 336 

treatment and withdrawal of Cup/Rap (Fig. 6A). The total dendritic length of newborn neurons was 337 

decreased in Cup/Rap, Cup, and Rap mice compared to AM mice, while the number of dendritic 338 

branches was not affected in Cup/Rap or Cup mice (Fig. 6B-C, for length, F(3,104) = 5.411, p = 0.0017, 339 

one-way ANOVA; for branch number, F(3,104) = 3.446, p = 0.0196, one-way ANOVA). To determine 340 

synaptic connectivity of newborn DGCs with excitatory afferent neurons, we examined spine density in 341 

the distal, middle, and proximal segments of dendrites of hippocampal newborn DGCs. Spine density 342 

was globally decreased along the entire dendrite of newborn DGCs in Cup/Rap, Cup, and Rap mice 343 

compared to AM mice (Fig. 6D-E, distal, F(3,101) = 11.89, p < 0.0001; middle, F(3,101) = 10.48, p < 344 

0.0001; proximal, F(3,101) = 9.85, p < 0.0001, one-way ANOVA). Interestingly, the total dendritic length 345 

and spine density of hippocampal newborn DGCs were restored during 6 weeks of withdrawal from 346 

Cup/Rap (Fig. 6F-I, for length, F(2,79) = 1.19, p = 0.3097; distal density, F(2,71) = 0.3405, p = 0.7126; 347 

middle density, F(2,71) = 1.83, p = 0.1681; proximal density, F(2,71) = 0.7125, p = 0.4941, one-way 348 

ANOVA), suggesting that the changes in structural development and synaptic connectivity of DGCs were 349 
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reversibly normalized during the 6-week withdrawal period. 350 

  351 
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Discussion 352 

 353 

MS is a neuroinflammatory disorder characterized by demyelination in CNS white matter, as well as 354 

the cortex and deep gray matter (Taylor et al., 2009). Demyelination disrupts axonal transmission, 355 

leading to deficits in sensory and motor functions. MS usually begins with reversible episodes of 356 

neurological disabilities and recovery, and about 85% of MS patients begin with this relapsing-remitting 357 

disease course; unfortunately, however, the majority of MS patients develop irreversible chronic 358 

conditions during later progressive phases (Noseworthy et al., 2000; Acs et al., 2009; Taylor et al., 2009). 359 

In addition to sensory and motor dysfunctions, cognitive impairments are significant comorbidities in MS. 360 

Indeed, up to 70% of MS patients suffer from various cognitive deficits in attention, information 361 

processing, execution, and long-term memory. Although cognitive impairments represent a serious 362 

health toll that negatively impacts the quality of life (Rao et al., 1991; Chiaravalloti and DeLuca, 2008), 363 

little is known about changes in the brain that link MS pathology to altered learning and memory in 364 

patients. In this study, using a Cup/Rap-induced MS mouse model (Bai et al., 2016), we investigated 365 

hippocampal neurogenesis as a surrogate to measure alterations of cognitive function in MS. Our study 366 

revealed that neurogenesis and synaptic connectivity of newborn neurons were impaired in the 367 

Cup/Rap-treated hippocampus. Interestingly, these alterations in neurogenesis and anatomical 368 

development of newborn neurons were normalized following withdrawal of Cup/Rap and subsequent 369 

remyelination. Thus, our study provides critical insight into reversible hippocampal neurogenesis, which 370 

can be utilized to intervene in and/or treat cognitive impairments associated with MS. 371 

 372 

In this study, in order to understand neural substrates that may translate MS pathology into 373 

cognitive deficits, we investigated hippocampal neurogenesis in the Cup/Rap-induced demyelinated 374 
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hippocampus. Hippocampal neurogenesis is a multi-step process: each step of proliferation of NSCs, as 375 

well as survival and circuitry integration of newborn neurons, is critical to maintain homeostatic 376 

neurogenesis, and this tightly-regulated process of neurogenesis is critical for cognition and emotion 377 

(Suh et al., 2009; Christian et al., 2014). Consequently, disruption of any of these steps in hippocampal 378 

neurogenesis results in cognitive impairments (Aimone et al., 2014). Among heterogeneous NSC 379 

populations that differ in proliferation kinetics, differentiation potential, morphology, and marker 380 

expression, RG or Type 1 NSCs have been placed at the top of the NSC hierarchy because they represent 381 

NSCs that have the ability to self-renew and are multi-potent (Suh et al., 2009; Christian et al., 2014; 382 

Kempermann et al., 2015). Therefore, the activity of Type 1 NSCs is critical to maintain a quantitative 383 

balance between newborn cells and pre-existing cells in the hippocampus. We examined the role of Type 384 

1 NSCs in the reversible changes to neurogenesis in the demyelinated and remyelinated hippocampus 385 

induced by the treatment and withdrawal of Cup/Rap, respectively. First, SOX2 and GFAP 386 

double-immunohistochemistry showed that the number of Type 1 NSCs remained unchanged in 387 

Cup/Rap mice. Next, we assessed the proliferation state of Type 1 NSCs using MCM2, which is a marker 388 

for the G1 phase of the cell cycle (Song et al., 2012; Song et al., 2016). This approach revealed that the 389 

number of mitotically-quiescent Type 1 NSCs (MCM2-negative population among SOX2+/GFAP+ cells) was 390 

significantly increased concomitant with a reduction in proliferatively-active Type 1 NSCs 391 

(MCM2+/SOX2+/GFAP+ cells) in Cup/Rap mice. Interestingly, the number of proliferatively-active Type 1 392 

NSCs returned to basal levels during withdrawal of Cup/Rap. Thus, our study revealed that a shift 393 

between proliferatively-active and mitotically-quiescent states of Type 1 NSCs is tightly associated with 394 

acute demyelination and following remyelination in Cup/Rap mice, while the size of the NSC reservoir 395 

remained unchanged. As shown in a previous report that increasing the number of hippocampal 396 

newborn neurons was sufficient to counteract impaired hippocampal function such as depression (Sahay 397 
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et al., 2011), maintenance of the NSC reservoir and the reversible nature of neurogenesis raise an 398 

important possibility that hippocampal neurogenesis can be reactivated to intervene in cognitive 399 

impairments associated with MS (Plemel et al., 2017). 400 

 401 

In addition to the level of neurogenesis, the structural development of newborn neurons was also 402 

impaired in Cup/Rap mice. Taking advantage of a birth-date labeling method that uses a GFP-expression 403 

retrovirus (Golub et al., 2015), we labeled newborn neurons in an age-synchronized manner and 404 

examined the development of gross morphology and dendritic spines of hippocampal newborn DGCs. 405 

While the total dendritic lengths and spine density were significantly reduced in Cup/Rap mice, both 406 

were also normalized during withdrawal of Cup/Rap. These results are consistent with a previous report 407 

showing synaptic alterations in the hippocampus of MS patients (Dutta et al., 2011). Excitatory neurons 408 

located in the lateral and medial entorhinal cortex, as well as in the hilus, project to and form spines in 409 

the outer, middle, and inner segments of dendrites of newborn neurons in a topological manner (Amaral 410 

et al., 2007). Therefore, dendritic spine density, as well as relative positions of spines along the dendrites, 411 

provide critical information on synaptic connectivity as well as the origin of pre-synaptic partners. Our 412 

analysis showed reduced spine density throughout the dendrites of newborn neurons, indicating a global 413 

reduction in synaptic connectivity between hippocampal newborn DGCs and excitatory neurons such as 414 

entorhinal neurons and hilar mossy cells, further supporting the concept that decreased synaptic 415 

connectivity with afferent input neurons impairs information flow and processing, and thereby cognitive 416 

function, in MS patients. 417 

 418 

Interestingly, the decreased neurogenesis and synaptic connectivity of hippocampal DGCs returned 419 

to basal levels in the remyelinated hippocampus. These results raise an important possibility that key 420 
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neural structures necessary for cognitive function remain intact in the demyelinated hippocampus and 421 

that these components can be reactivated to treat MS. Indeed, in our MS mouse model in which 422 

withdrawal of Cup/Rap induced remyelination, the expression of myelin proteins such as PLP and MBP 423 

recovered to normal levels and the number of mature oligodendrocytes also recovered. Concomitant 424 

with remyelination in the hippocampus, the proliferation index, as well as synaptic connectivity, 425 

accelerated and reached levels comparable to those in control mice. Unlike many neurodegeneration 426 

models in which hippocampal NSCs are dead and hippocampal neurogenesis is permanently damaged as 427 

a consequence, our study raises the possibility that the NSC reservoir might be preserved in the 428 

demyelinated hippocampus, but the production of new cells may be temporarily halted by shifting NSCs 429 

from a mitotically-active state to a proliferatively-dormant state. In the remyelinated hippocampus, NSCs 430 

became mitotically active and neurogenesis was reinitiated. This reversible nature of neurogenesis 431 

during demyelination and remyelination raises an important implication in therapeutic application to 432 

treat and cure cognitive impairments in MS patients by directly manipulating hippocampal neurogenesis 433 

(Plemel et al., 2017; Kremer et al., 2018).    434 

 435 

The precise mechanism that links demyelination to reduced neurogenesis and synaptic connectivity 436 

is speculative. First, reduced brain activity caused by demyelination may negatively impact hippocampal 437 

neurogenesis and synapse formation. This is possible because brain activity is a critical regulator for both 438 

proliferation and synaptic connectivity (Song et al., 2016; Donato et al., 2017). For example, chemical 439 

stimulation or induction of long-term potentiation (LTP) followed by electrical stimulation of the 440 

perforant pathway increased proliferation and spine formation in the hippocampus (Bruel-Jungerman, 441 

2006; Danzer, 2012; Bromer et al., 2018). Excitatory neurons located in the entorhinal cortex (EC) project 442 

axons to and make direct synaptic connections with hippocampal DGCs (Zhou et al., 2019). EC-DG neural 443 
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circuits play a key role in spatial and contextual memory. Therefore, it is plausible that demyelination of 444 

entorhinal neurons may reduce activity in the hippocampus, and this decreased neuronal activity, in turn, 445 

reduces neurogenesis and synaptic connections (Song et al., 2016) (Monje, 2018). The second possibility 446 

is that demyelination indirectly influences neurogenesis and synaptic connections via inflammation 447 

(Monje et al., 2003; Sierra et al., 2010). In response to demyelination, it has been shown that microglia 448 

are activated and secrete inflammatory cytokines and/or chemokines, which may negatively regulate 449 

hippocampal neurogenesis and synapse formation (Abe et al., 2015). Indeed, our results showed that the 450 

number and size of microglia were significantly increased in the hippocampus during early stages of 451 

demyelination. Thus, the inflammatory response via activated microglia may indirectly decrease 452 

neurogenesis and synaptic connectivity during demyelination. Alternatively, cuprizone may have a direct 453 

effect on proliferation of Type 1 NSCs and synaptic connectivity in addition to its toxicity to mature 454 

oligodendrocytes. To test this possibility, we examined the proliferation capacity of NSCs in 1mM 455 

cuprizone, a minimal concentration that kills mature oligodendrocytes, in M03.13 cells in vitro 456 

(Benardais et al., 2013). In this experiment, we observed that cultured hippocampal NSCs proliferated at 457 

a dramatically reduced rate in the presence of 1mM cuprizone (data not shown). Although this result 458 

may imply a negative effect of cuprizone on proliferation of NSCs, further research is necessary to 459 

confirm that the active concentration of cuprizone could reach such a high level in the hippocampus and 460 

to rule out the involvement of indirect biological effects induced by demyelination such as inflammation 461 

in proliferation of NSCs and synaptic connectivity. Recognizing the complexity of rodent models of MS, 462 

our studies identify hippocampal neurogenesis as possible target for therapeutic intervention in 463 

individuals with MS. 464 

 465 

  466 
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Figure legends 569 

 570 

Figure 1. Expression of myelin proteins and the number of oligodendrocytes in the dentate gyrus 571 

following demyelination and remyelination. A. Timeline of the experimental protocol. B. Representative 572 

images showing myelin proteolipid protein (PLP) staining of the dentate gyrus. C. Quantification of PLP 573 

density indicates significantly reduced PLP staining in the demyelination (Cup/Rap) group. D. 574 

Representative images showing myelin basic protein (MBP) staining of the dentate gyrus. E. 575 

Quantification of MBP density indicates significantly reduced MBP staining in the demyelination 576 

(Cup/Rap) group. F. Representative images of CC1 staining showing mature oligodendrocytes. G. 577 

Quantification of CC1+ cell number demonstrates that mature oligodendrocytes are significantly ablated 578 

during demyelination. The number partly recovers during remyelination, but is still significantly lower 579 

than controls. H. Representative images of NG2 staining showing oligodendrocyte precursor cells (OPCs). 580 

I. Quantification of NG2+ cell number demonstrates significantly decreased OPCs during demyelination, 581 

which recovers during remyelination. n = 5. Data are expressed as mean ± SEM and analyzed by one-way 582 

ANOVA followed by Bonferroni's post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001. 583 

 584 

Figure 2. Early activation of microglia in dentate gyrus during demyelination. A. Timeline of the 585 

experimental protocol. B. Upper: Representative images of Iba1 staining at 6 weeks of demyelination; 586 

Lower: quantification of microglia cell number and cell size. C. Upper: Representative images of Iba1 587 

staining during remyelination; Lower: quantification of microglia cell number and cell size. D. 588 

Representative images of Iba1 staining at 3 weeks of demyelination. E. Quantification indicates 589 

significantly increased cell number and cell size of microglia at 3 weeks of demyelination. Demyelination: 590 

n = 5 for AM and Rap, 6 for Cup/Rap; remyelination: n = 5. For quantification of cell size, 40 - 50 cells 591 
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were measured from 5 - 6 animals of each group. Data are expressed as mean ± SEM and analyzed by 592 

one-way ANOVA followed by Bonferroni's post hoc test. ** p < 0.01, *** p < 0.001. 593 

 594 

Figure 3. Proliferation of glial cells in the dentate gyrus during demyelination and remyelination. A. 595 

Timeline of the experimental protocol. B. BrdU number at 3 weeks and 6 weeks of demyelination, and 596 

CldU number at 6 weeks of remyelination. BrdU number increases at 3 weeks of demyelination, but not 597 

at 6 weeks of demyelination or remyelination. C. Representative images showing increased dividing 598 

microglia (co-localization of Iba1 and BrdU) and decreased co-localization of NG2 with BrdU in the 599 

Cup/Rap group at 3 weeks of demyelination. No co-localization of GFAP with BrdU was found at this time 600 

point. D. Co-localization of NG2 with BrdU at 6 weeks of demyelination. The results indicate that all of the 601 

BrdU+ cells are NG2+. E. Co-localization of NG2 with CldU during remyelination. The results indicate that all 602 

of the CldU+ cells are NG2+. Demyelination: n = 5 for AM and Rap, 6 for Cup/Rap; remyelination: n = 5. 603 

Data are expressed as mean ± SEM and analyzed by one-way ANOVA followed by Bonferroni's post hoc 604 

test. ** p < 0.01, *** p < 0.001. 605 

 606 

Figure 4. Neurogenesis is suppressed during demyelination and recovers during remyelination. A. 607 

Timeline of the experimental protocol. B. Myelin basic protein (MBP) staining of the subgranular zone 608 

(SGZ) and subventricular zone (SVZ). C. Quantification of MBP density indicates significantly reduced 609 

MBP expression in the SGZ and SVZ in Cup/Rap as well as Cup mice. D. BrdU staining of SGZ and SVZ. E. 610 

BrdU+ cell number in SGZ and SVZ was significantly decreased in both the Cup/Rap and Cup groups. F. 611 

Doublecortin (DCX) staining of SGZ and SVZ. G. Percentage of DCX+ coverage of the granular cell layer 612 

and SVZ. DCX coverage was significantly decreased in the SGZ in the Cup/Rap and Cup groups, and was 613 

significantly decreased in the SVZ in the Cup/Rap group. H. CldU, Ki67, and DCX staining of the SGZ after 614 
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6 weeks of remyelination. I. CldU+, Ki67+ cell number and DCX coverage for SGZ. The quantification is 615 

comparable among groups during remyelination. n = 5-6. Data are expressed as mean ± SEM and 616 

analyzed by one-way ANOVA followed by Bonferroni's post hoc test. * p < 0.05, ** p < 0.01, *** p < 617 

0.001. 618 

 619 

Figure 5. Demyelination does not alter neural stem cell (NSC) pool size, but inhibits proliferation 620 

of NSCs. A. Timeline of the experimental protocol. B. NSCs are identified as GFAP+/Sox2+ with radial 621 

morphology. C. Quantification results indicate no significant effects of demyelination or remyelination on 622 

NSC number. D. MCM2 staining of dentate gyrus. E. Quantification of MCM2+ cell number, which was 623 

significantly decreased following demyelination and recovered following remyelination. F. Representative 624 

images showing activated (MCM2+) NSCs and quiescent (MCM2-) NSCs. G. Percentage of activated NSCs 625 

assessed by % of MCM2+ cell number among total NSCs. The quantification indicates that the percentage 626 

of activated NSCs was significantly decreased following demyelination and recovered following 627 

remyelination. Demyelination: n = 5 for AM and Rap, 6 for Cup/Rap; remyelination: n = 5. Data are 628 

expressed as mean ± SEM and analyzed by one-way ANOVA followed by Bonferroni's post hoc test. *** p 629 

< 0.001. 630 

 631 

Figure 6. Dendritic morphology and spine density of hippocampal newborn neurons during 632 

demyelination and remyelination. A. Timeline of the experimental protocol. B. Representative images of 633 

hippocampal newborn neurons in demyelinated mice. C. Measurements of dendritic length and number 634 

of branches. The results indicate a significant decrease in dendritic length in the Cup/Rap group, as well 635 

as in the Cup or Rap alone groups. D. Representative images showing dendritic spines from distal, middle, 636 

and proximal segments of dendrite. E. Quantification of spine density. The spine density is significantly 637 
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reduced in the Cup/Rap group, and also in the Cup or Rap alone group. F. Representative images of 638 

hippocampal newborn neurons in remyelinated mice. G. Measurements of dendritic length and number 639 

of branches. H. Representative images showing dendritic spines from distal, middle, and proximal 640 

segments of dendrite. I. Quantification of spine density. The spine density is comparable among groups 641 

during remyelination. Twenty-two to thirty GFP-labeled newborns from 5 animals per group were 642 

analyzed. Scale bar = 10 μm. Data are expressed as mean ± SEM and analyzed by one-way ANOVA 643 

followed by Bonferroni's post hoc test. * p < 0.05, ** p < 0.01. *** p < 0.001. 644 
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