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ABSTRACT 41 

Oligodendrocytes in the central nervous system (CNS) produce myelin sheaths 42 

that insulate axons to facilitate efficient electrical conduction. These myelin sheaths 43 

contain lamellar microtubules that enable vesicular transport into the inner sheath. 44 

Mechanistically, oligodendrocytes rely on Golgi outpost organelles and the associated 45 

protein tubulin polymerization promoting protein (TPPP) to nucleate or form new 46 

microtubules outside of the cell body. Consequently, elongation of lamellar microtubules 47 

is defective in Tppp knockout (KO) mice, which have thinner and shorter myelin 48 

sheaths. We now explore the behavioral phenotypes of Tppp KO mice using a number 49 

of different assays. In open-field assays, Tppp KO mice display similar activity levels 50 

and movement patterns as wildtype mice, indicating that they do not display anxiety 51 

behavior. However, Tppp KO mice lack fear responses by two types of assays, 52 

traditional fear-conditioning assays and looming fear assays, which test for innate fear 53 

responses. Deficits in fear-conditioning, which is a memory dependent task, as well as 54 

in spatial memory tests support possible short-term memory defects in Tppp KO mice. 55 

Together, our experiments indicate a connection between CNS myelination and 56 

behavioral deficits.   57 
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SIGNIFICANCE STATEMENT 58 

Oligodendrocytes are cells in the brain that make myelin sheaths, which wrap 59 

concentrically around axons to provide insulation that facilitates electrical conduction. 60 

Fear responses have historically been attributed to neuronal activity. However, 61 

emerging literature indicates that mouse models with defective myelination display long-62 

term fear deficits. Here, we look at a specific mouse model that lacks an 63 

oligodendrocyte-specific protein that is important for building the cellular structure of 64 

microtubules, which allow for transport to and along the myelin sheath. These mice 65 

display deficits in both memory-dependent fear as well as innate fear responses. Thus, 66 

our work indicates that myelin structure is important for fear response.  67 
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INTRODUCTION 68 

Oligodendrocytes insulate neuronal axons in a lipid-rich covering called myelin 69 

that facilitates fast axonal conduction velocities. Defects in myelination contribute to 70 

diseases, including multiple sclerosis and leukodystrophies. In addition, faulty 71 

myelination has been previously implicated in psychiatric diseases, including 72 

schizophrenia, depression, bipolar disorder, and obsessive-compulsive disorder (Fields, 73 

2008). 74 

Both neuroimaging and genetics data connect white matter changes with 75 

schizophrenia, a mental disorder that can manifest in hallucinations and delusions. 76 

Magnetic resonance imaging (MRI) studies have indicated a disruption in white matter 77 

structure in schizophrenic patients (Foong et al., 2000; Kubicki et al., 2005; Fields, 78 

2008). In addition, polymorphisms associated with schizophrenia are found in genes 79 

encoding OLIG2, oligodendrocyte transcription factor 2 (Georgieva et al., 2006), which 80 

is crucial for oligodendrocyte development, and CNP (2’,3’-cyclic nucleotide 3’-81 

phosphodiesterase), a structural myelin protein (Hagemeyer et al., 2012). 82 

Many studies of human schizophrenic brains have observed changes to myelin 83 

or oligodendrocytes. Electron microscopy (EM) of prefrontal cortex of schizophrenic 84 

brains indicates damage to myelin sheath lamellae and changes in oligodendrocyte 85 

organelle content (Uranova et al., 2001). The frontal gyrus of schizophrenic patients 86 

contains ~20% fewer oligodendrocytes than those of control patients (Hof et al., 2002). 87 

Multiple microarray studies of both prefrontal and temporal cortex of schizophrenic 88 

brains found significant downregulation of genes involved in myelination and 89 

oligodendrocyte development (Hakak et al., 2001; Tkachev et al., 2003; Aston et al., 90 
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2004). These studies raise the intriguing hypothesis that defects in oligodendrocyte 91 

development and myelination may underlie symptoms in schizophrenia.  92 

In mice, several recent studies suggest a link between myelination defects and 93 

behavioral phenotypes. Mice exposed to cuprizone, a demyelinating agent, exhibit 94 

deterioration of oligodendrocytes in the prefrontal cortex and schizophrenia-like 95 

symptoms (Gregg et al., 2009). Mass spectrometry experiments elucidated transient 96 

changes in myelin proteins ~24 hours following contextual fear conditioning (Houyoux et 97 

al., 2017), indicating that myelin remodeling may be involved in short-term fear 98 

response.  99 

Evidence from genetic mouse models suggest that enhanced myelination 100 

heightens fear-conditioned learning while impaired myelination impedes fear-101 

conditioned learning. For example, activation of ERK1/2 in oligodendrocytes increased 102 

myelination throughout the CNS and increased contextual response after fear 103 

conditioning (Jeffries et al., 2016). On the other hand, mice in which the transcription 104 

factor MYRF was knocked out in oligodendrocyte precursor cells (OPCs) display long-105 

term defects in freezing (Pan et al., 2020). In addition, loss of the developmental 106 

regulator Cdk5 in mature oligodendrocytes reduces myelination and fear-based learning 107 

(Luo et al., 2018). However, as ERK, CDK5, and MYRF broadly regulate cell function, it 108 

is unclear whether what structural myelin changes underlie these changes.  109 

Our study mechanistically illuminates the relationship between myelination and 110 

fear-based behaviors using a mouse in which hypomyelination has been attributed to 111 

structural defects in microtubules. Oligodendrocytes contain two classes of 112 

microtubules, radial microtubules that are proximal to the cell body and extend toward 113 



 

7 
 

axons, and lamellar microtubules that are distal and spiral around the myelin sheath 114 

(Weigel et al., 2020). Oligodendrocytes rely on the formation or nucleation of 115 

microtubules outside the cell body off of Golgi outpost organelles. This nucleation 116 

function is performed by TPPP, or tubulin polymerization promoting protein (Fu et al., 117 

2019). Tppp mRNA is highly expressed by oligodendrocytes, but extremely low in other 118 

brain cells (Tabula Muris et al., 2018; Zhang et al., 2014) and in other non-brain tissues 119 

(Tabula Muris et al., 2018). 120 

A previous study found that both cultured and in vivo oligodendrocytes from 121 

homozygous Tppp knockout (KO) mice have shorter lamellar microtubules, and 122 

consequently shorter and thinner myelin sheaths (Fu et al., 2019). Cultured Tppp KO 123 

oligodendrocytes have additional aberrant features, including more proximal branches, 124 

mixed microtubule polarity and accumulation of Mbp (myelin basic protein) mRNA, an 125 

abundantly transported cargo (Carson et al., 1997; Herbert et al., 2017). Furthermore, 126 

immunostaining against MBP protein shows that Tppp KO brains have decreased 127 

myelination in spinal cord, caudate, cortex, and hippocampus, with upper cortical layers 128 

and CA1 and CA3 fiber tracts that are strikingly devoid of myelination. No gross 129 

differences were observed in neurofilament staining, indicating that axonal tracts and 130 

neuronal morphology is largely intact in Tppp KO mice (Fu et al., 2019).  131 

Our current research explores fear-based behaviors in these myelin-deficient 132 

mice. In open-field assays and light/dark preference assays, Tppp KO mice display 133 

similar activity levels as wildtype mice, indicating lack of anxiety behavior. In contrast, 134 

Tppp KO mice are profoundly deficient in fear responses. We use two types of assays, 135 

traditional fear conditioning and looming fear, to evaluate memory-dependent fear 136 
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responses and innate fear responses, respectively. Results from both fear conditioning 137 

and spatial memory tests support short-term memory deficits in Tppp KO mice. 138 

Altogether, our study further strengthens the connection between myelination and fear-139 

based learning and adds an additional connection to innate fear.   140 
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MATERIALS & METHODS 141 

Animals 142 

All animal procedures were performed in accordance with the [Author University] 143 

animal care committee’s regulations. Tppp KO mice were recovered from sperm from 144 

the Knockout Mouse Project (KOMP; stock number VG12652) and bred in the 145 

C57BL/6J strain. Animals were bred from heterozygous parents and age-matched 146 

littermates were selected for behavioral assays. Only 3-months-old male mice were 147 

used for behavioral experiments. Mice were either tested in fear conditioning alone or 148 

after all other behavioral tests were completed. Mice were tested blinded and the 149 

genotypes of mice were only revealed to the experimenter after the end of the 150 

experiment. All data represent one observation per animal per assay as additional 151 

consecutive trials would reflect habituation rather than an independent biological 152 

replicate. 153 

 154 

Open field activity assay 155 

An individual mouse was placed in a new cage inside the SmartCage platform 156 

(AfaSci, Inc., Redwood City, CA, USA) for 1 hour. The animal’s position and locomotion 157 

were determined by breakages in the infrared beams provided by the SmartCage 158 

platform. Measurements of activity counts (i.e. breaks in the infrared beams in the x-, y-, 159 

and/or z-directions) were automatically quantified using the accompanying CageScore 160 

software (Khroyan et al., 2012). 161 

 162 

Light-dark box assay 163 
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To assess anxiety-related behavior, a dark red box made of Plexiglass with a 164 

small entrance was placed inside the mouse cage and extra overhead lighting was 165 

provided in this compartment, separating the cage into a light compartment and a dark 166 

compartment. The amount of time the animal spent in the light or dark compartment 167 

was quantified by CageScore over a period of 1 hour. 168 

 169 

Trace fear conditioning 170 

Individual mice were placed inside the fear conditioning chamber (Coulbourn 171 

Instruments, Allen Town, PA, USA) which was cleaned with 10% ethanol as background 172 

odor. A ventilation fan provided ~55 dB of background noise. Mice were pre-exposed to 173 

the chamber for 5 minutes 24 hours prior to training. On training day (Day 1, 24 hours 174 

later), after a 4-minute period of exploration to establish baseline behavior, a 85-dB 2-175 

kHz tone was played for 20 seconds (cue period), followed by an 18-second trace 176 

period and a 2-second foot shock of 0.75 mA. The process was repeated 4 times and 177 

separated by 1-minute inter-trial intervals (ITIs).  178 

On context recall day (Day 2, 24 hours later), mice were placed back in the 179 

training chamber for 4 minutes. On altered context testing day (Day 3, 24 hours later), 180 

mice were placed in an altered conditioning chamber (side walls decorated with different 181 

patterns, smooth solid plastic floor, 1% vanilla background odor); the same protocol 182 

used in training day minus the foot shock was applied. The behavior of the mice was 183 

recorded with the FreezeFrame software and analyzed with the FreezeView software 184 

(Coulbourn Instruments, Allen Town, PA, USA). On training day, the freezing 185 

percentages during each exploration, cue, trace, and ITI period were summarized as an 186 
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indication of fear memory acquisition. On context recall day, the freezing percentage 187 

was compared to that of the last ITI of training day. On altered context testing day, the 188 

averaged freezing percentages of cue, trace, and ITI periods were reported. 189 

Fear-conditioned mice were not subsequently used for any other assays.  190 

 191 

Y-maze 192 

To assess working spatial memory, an acrylic Y-shaped maze consisting of 3 193 

symmetrical arms (20 x 8 x 16 cm) at 120° angles was used as the testing arena. The 194 

end of each arm of the maze was decorated with a different visual cue. Individual mice 195 

were placed at the center of the maze and allowed to freely explore the 3 arms for 5 196 

minutes. Over the course of the testing time, the mouse should display a propensity to 197 

explore a new arm of the maze instead of re-entering a previously visited arm. Arm 198 

entry was scored when the animal reached the end of the arm of the maze. The total 199 

number of entries and the number of unique triad combination of consecutive arm 200 

entries (ABC, ACB, BAC, BCA, CAB, CBA) were manually scored. The percentage of 201 

alteration (spontaneous alteration) was calculated as the number of unique entries/(total 202 

number of entries – 2). 203 

 204 

Looming fear assay 205 

Looming behavior was measured as previously described (Salay et al., 2018). 206 

Briefly, a mouse was placed in a 50cm x 25cm x 40cm glass chamber with a 12-cm 207 

shelf at one end of the chamber to provide a shelter for mice to hide. At the top of the 208 

cage, a 24-inch LCD monitor facing onto the cage displayed stimuli. A video camera 209 
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was placed outside the cage to record the mouse’s movements. Mice were introduced 210 

to the cage and allowed to habituate for ~10 minutes. Then a looming stimulus 211 

(expanding black disc on a white background, 15 expansions over 24 seconds) was 212 

projected on the LCD monitor.  213 

Video recordings were analyzed by bins of 1 second. The percentage of time 214 

spent hiding, freezing, running, or ambulating was calculated. Hiding was classified as 215 

the mouse’s entire body being underneath the shelf. Freezing was classified as 216 

episodes of 3 or more seconds of no movement except for respiration. Running was 217 

classified as greater than two times the average ambulatory speed. All other motile 218 

behaviors were classified as ambulation.  219 

The number of rearing events and head tilts were individually scored (i.e. they 220 

are not part of the percentage calculations above). Head tilts were defined as raising the 221 

head more than 20 degrees (relative to the main body axis with vertex at the nape of the 222 

neck).  223 

 224 

Pupillary light reflex 225 

Mice were dark-adapted for 1 hour before measurement. Mice were manually 226 

restrained and placed in front of a video camera. After 5 seconds, blue light was placed 227 

in front of the left pupil for 35 seconds, after which the pupils were allowed to recover. 228 

Pupil size was analyzed using ImageJ and normalized to total eye size. 229 

 230 

Novel female interest assay 231 
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As previously described (Jones et al., 2019), a cardboard box was used as the 232 

testing arena for female location memory test. On Day 0, 24 hours prior to female 233 

exposure, individual male mice were allowed to freely explore the testing arena for 10 234 

minutes. On Day 1 (experience day), a novel female mouse (unfamiliar to the male 235 

mice) was randomly placed inside one of the four slotted metallic enclosures placed at 236 

the corners of the testing arena (Fig. 6C). Male mice were placed at the center of the 237 

arena facing the visual cues on the wall and subjected to 10 minutes of experience trial. 238 

The amount of time the male mice spent interacting with the female inside the enclosure 239 

was scored as female interest.  240 

 241 

Statistical analysis 242 

All data are presented as mean ± SEM (standard error of the mean) and were 243 

analyzed with Prism 8 (GraphPad Software, San Diego, CA, USA). Data was evaluated 244 

for normality using Kolmogorov-Smirnov test. For data with two conditions, parametric 245 

data was analyzed using unpaired t test; non-parametric data was analyzed using 246 

Mann-Whitney (Wilcoxon rank sum test). All other data were analyzed using two-way 247 

ANOVA with post-hoc Sidak multiple comparison test to compare wildtype to Tppp KO 248 

mice values. P-values less than 0.05 were considered significant and the following 249 

notations were used to indicate significance: * p < 0.05, ** p < 0.01, *** p < 0.001. 250 
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RESULTS 251 

Open Field and Light-Dark Box Tests 252 

We first examined the baseline activity level of Tppp KO mice using a 60-minute 253 

open field test in which intersecting infrared (IR) beams were used to measure lateral 254 

and vertical translocation (Gould et al., 2009) (Fig. 1A). There was no significant 255 

difference in total horizontal distance or velocity traversed by Tppp KO mice compared 256 

to their wildtype counterparts (Fig. 1B, 1C, Figures 1-1, 1-2), indicating similar levels of 257 

ambulation and activity. Tppp KO mice did not show significant differences in vertical 258 

activity (Fig. 1C). No differences in the number of right or left rotations were observed 259 

between Tppp KO mice and wildtype mice (Fig. 1D, 1E, Figures 1-1, 1-2), indicating no 260 

evidence of aberrant twirling or spinning behaviors.  261 

We also examined anxiety-like behavior in Tppp KO mice using a light-dark box 262 

test (Fig. 2A), in which anxious mice are expected to spend more time in darker areas 263 

than in lit areas (Crawley, 1985). There was no significant difference in the percentage 264 

of time spent in the dark zone when analyzed by 10-minute bins or by total time 265 

between Tppp KO and wildtype mice (Fig. 2B, 2C, Figures 2-1, 2-2), suggesting normal 266 

levels of unconditioned or inherent anxiety in Tppp KO mice. 267 

 268 

Fear Conditioning Assay 269 

Having established normal anxiety and baseline activity levels, we examined 270 

differences in fear conditioning learning between Tppp KO and wildtype mice using a 271 

context- and cue-dependent trace conditioning assay (Fig. 3A). On Day 0 of this assay, 272 

mice were acclimated to a new environment. On Day 1, mice were returned to this 273 
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same environment, and their baseline activity is assessed. Our data indicate that Tppp 274 

KO and wildtype animals display similar levels of low or no baseline freezing (Fig. 3B), 275 

which is consistent with open field assays in which Tppp KO mice have similar levels of 276 

locomotion as wildtype mice (Fig. 1B). Animals are then exposed to an auditory cue 277 

followed by a noxious stimulus (foot shock). Though at 85dB, this tone is not loud 278 

enough to stimulate an acoustic startle response (Pantoni et al., 2020), both wildtype 279 

and Tppp KO mice increase the percentage of time spent freezing. This indicates that 280 

Tppp KO mice can perceive the tone (i.e. are not deaf) and furthermore that they freeze 281 

acutely in response to the tone. As four successive cycles of cue and shock proceed, 282 

both wildtype and Tppp KO mice respond by increasing the percentage of time spent 283 

freezing (Fig. 3B). Interestingly, looking individually at periods during the fourth and last 284 

cycle, Tppp KO mice surprisingly display slightly lower percentages of time spent 285 

freezing during the period following the final auditory cue (ITI4, by t-test), although these 286 

differences are not significant by 2-way ANOVA (Fig. 3B, Figure 3-1). 287 

On the following days, mice are assessed for context-based recall and cue-288 

based recall. On Day 2, mice are returned to the same environment, but with no 289 

auditory cue or foot shock (Fig. 3A) and context recall is measured by their fear 290 

response in terms of time spent freezing. Wildtype animals displayed similar levels of 291 

freezing (Fig. 3C) as Day 1 during the last two cycles of training (Fig. 3B). Remarkably, 292 

on Day 2, Tppp KO mice spent about half as much time frozen (25.8%) compared to 293 

wildtype mice (53.2%); this difference (27.4% less) had a 95% margin of error of 9.1% 294 

(Fig. 3C). Interestingly, Tppp KO mice spent a similar percentage of time frozen as they 295 

did during the first cycle of shocks on Day 1 (Fig. 3B). This indicates a significant 296 
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degradation of the contextual memory in Tppp KO mice when they were returned to the 297 

conditioning chamber. 298 

On Day 3, to evaluate cue-based recall, mice were introduced to a new 299 

environment but the auditory cue is played again for four cycles with the same timing as 300 

Day 1 (Fig. 3A). These results were analyzed for the individual periods of each cycle 301 

(Fig. 3D) and as binned results for each period (Fig. 3E). Baseline freezing levels were 302 

lower in Tppp KO mice prior to the auditory cue (Fig. 3E), consistent with Day 2 context 303 

recall results (Fig. 3C). During the cue recall, wildtype mice froze ~40-50% of the time 304 

during the cue sound, during the trace period immediately following the cue, and during 305 

the inter-trial interval (ITI) before the next cycle. In contrast, Tppp KO mice spend 306 

significantly less time freezing, only ~10–15% (Fig. 3E). These differences are most 307 

profound during the first two cycles (Fig. 3D). Thus, the lack of a significant freezing 308 

response in Tppp KO mice after the auditory tone suggests a severe impairment in their 309 

cued memory recall. 310 

Strikingly, Tppp KO mice froze significantly less than wildtype mice during all 311 

stages of this assay – initial fear conditioning on Day 1 (Fig. 3B), context-based recall 312 

on Day 2 (Fig. 3C), and cue-based recall on Day 3 (Fig. 3D and 3E). Together, these 313 

results are consistent with a robust defect in fear conditioning. 314 

We next asked whether the attenuated contextual fear memory retention in Tppp 315 

KO mice could be a result of spatial memory deficit using the Y-maze test (Fig. 4A). We 316 

observed that wildtype mice and Tppp KO mice had no difference in total number of 317 

entries (Fig. 4B, Figure 4-1), perhaps consistent with similar distances traversed in the 318 

open field assay (Fig. 1B). However, Tppp KO mice had significantly a lower percentage 319 
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of unique entry combinations (i.e. spontaneous alternating behavior) than their wildtype 320 

counterparts (Fig. 4C), suggesting deficits in working spatial memory.  321 

 322 

Looming Fear Assay 323 

We next sought to understand if Tppp KO mice also have decreased innate fear 324 

response to natural threats using the looming fear assay. This assay tests innate visual 325 

fear response using a looming screen that projects a dark, rapidly expanding round 326 

object on a white background that simulates a swooping predator (Fig. 5A) (Salay et al., 327 

2018). We binned mouse behavior during the looming stimulus into freezing, hiding, 328 

running, and ambulating (Fig. 5B–5E, Figure 5-1, Videos 1 and 2). While wildtype mice 329 

spent the majority of time hiding (76.3%), Tppp KO mice spent significantly less time 330 

hiding (15.8%); this difference of 60.5% had a 95% margin of error of 9.1% (Fig. 5C). In 331 

contrast, Tppp KO mice spent the majority of time ambulating (67.8%), which was 332 

significantly higher than in wildtype mice (14.3%); this difference of 53.4% had a 95% 333 

margin of error of 15.6% (Fig. 5D). No statistically significant difference was observed 334 

for the percentage of time spent freezing, though we calculated a low power for this 335 

comparison, possibly indicating a false negative result (Fig. 5E, Figure 2-2).  336 

In addition, we observed incidents of rearing and head tilting in Tppp KO mice 337 

and quantified these in terms of number of events. Surprisingly, Tppp KO mice also had 338 

significantly more rearing events when compared to wildtype mice, in which only one 339 

rearing event was observed across all animals (Fig. 5F). In addition, Tppp KO mice also 340 

displayed more head tilting events (15.2) compared to wildtype mice (4.4); this 341 

difference (10.8 more) had a 95% margin of error of 2.2 (Fig. 5G). Both rearing and 342 
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head tilting behavior appear to be attempts to look at the looming stimulus. Together, 343 

results from this assay suggest a robust deficit in innate fear response in Tppp KO mice. 344 

Visual defects can have a significant impact on the outcomes of behavioral tests. 345 

For example, an alternate interpretation to the looming assay result could be that Tppp 346 

KO mice are not able to visually perceive the looming stimulus. To rule out the 347 

possibility of a vision deficit, we used the pupillary light reflex (PLR) test to measure the 348 

pupil dilation response on the contralateral eye (Fig. 6A). Our results show that Tppp 349 

KO mice display a PLR response with no significant differences compared with their 350 

wildtype counterparts (Fig. 6B, Figure 6-1). These results show that Tppp KO mice 351 

dilate pupils following exposure to high amounts of light and suggest that Tppp KO mice 352 

are not grossly visually impaired.  353 

To further assess whether Tppp KO mice have sensory or social deficits, we 354 

introduced them to the novel female interest assay (Fig. 6C). In this paradigm, mice rely 355 

on visual and olfactory cues in order to detect the presence of the novel female. Tppp 356 

KO mice displayed no difference from wildtype animals in interaction time (Fig. 6D, 357 

Figure 6-1). Thus, this indicates that Tppp KO mice are neither visually or sensorily 358 

impaired in their detection of the novel female nor socially impaired in their interest in 359 

the novel female.   360 
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DISCUSSION 361 

By performing a number of behavioral assays, we show that the hypomyelinated 362 

Tppp KO mouse displays a specific subset of behavioral deficits. In open-field and 363 

light/dark preference assays, Tppp KO mice display similar activity levels and time 364 

spent in the light and dark compartments compared to wildtype mice, indicating that 365 

they do not display anxiety behavior. However, in both traditional fear-conditioning 366 

assays and looming fear assays, Tppp KO mice show marked defects in both fear 367 

memory and innate fear, respectively. In addition, spatial memory tests support a short-368 

term memory deficit in Tppp KO mice. These results are consistent with specific deficits 369 

in fear-based responses, but not in anxiety behavior. 370 

 Intriguingly, both learning-based fear and innate fear are altered in Tppp KO 371 

mice. Defects in learning-based fear are consistent with decreased MBP staining in the 372 

cortex and hippocampus as well as shorter sheath lengths in the cortex (Fu et al., 373 

2019). However, the looming fear assay is non-memory-dependent, and therefore these 374 

deficits may indicate a myelination defect in the underlying innate fear circuitry. Freezing 375 

and hiding in response to visual looming threat involve activation of projections from the 376 

ventral midline thalamus (vMT) to the basolateral amygdala (BLA) (Salay et al., 2018). 377 

Two major pathways connect the amygdala to other brain regions – stria terminalis, an 378 

efferent pathway to the basal forebrain and hypothalamus, and the amygdalofugal 379 

pathway, containing both afferent and efferent connections with the thalamus as well as 380 

with basal forebrain and hypothalamus. In contrast to the stria terminalis, the 381 

amygdalofugal pathway is a myelinated white matter tract (Mori et al., 2017). 382 

Anatomical patterns of myelination in the amygdalofugal pathway, such as average 383 
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sheath length, frequency and lengths of unmyelinated axon segments, have yet to be 384 

elucidated. This type of data could provide mechanistic insights on why hypomyelinated 385 

Tppp KO animals display innate fear defects. 386 

Indeed, structural deficits in myelination may affect conduction velocity and do so 387 

through several mechanisms, including regulation of myelin sheath length, thickness, or 388 

nodal length (Arancibia-Carcamo et al., 2017). Tppp KO oligodendrocytes have shorter 389 

sheath lengths by about half when compared to wildtype oligodendrocytes both in vitro 390 

in 3D cultures as well as in vivo in the cortex (Fu et al., 2019). Furthermore, 391 

oligodendrocytes cultured from different regions, such as cortex and spinal cord, have 392 

intrinsic differences in sheath length (Bechler et al., 2015). Thus, brain regions with 393 

characteristically long myelin sheaths may be more adversely affected in Tppp KO 394 

mice. In the amygdalofugal pathway, if myelin sheaths are characteristically long, then 395 

shorter sheath lengths in Tppp KO mice could contribute to looming fear defects.  396 

Our observations of short-term fear memory deficits in Tppp KO mice are 397 

consistent with recent reports connecting myelination to long-term fear memory deficits. 398 

In wildtype mice, fear learning induces proliferation of OPCs in the medial prefrontal 399 

cortex (mPFC), which then maturate over the time course of approximately four weeks. 400 

Mice in which the transcription factor MYRF was inducibly and conditionally knocked out 401 

in NG2-positive OPCs display striking defects in freezing in fear conditioning assays on 402 

the timescale of 30 days post conditioning, but not at 1 day post conditioning (Pan et al., 403 

2020). This result was independently replicated with similar dramatic defects in freezing 404 

when tested 28 days following initial training. Mechanistically, local field potential 405 

recordings indicate increases in synchronization in the hippocampal-cortical circuit 406 
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following fear learning, which is deficient in mutant mice (Steadman et al., 2020). These 407 

studies indicate that long-term memory consolidation involves oligodendrogenesis and 408 

new myelin sheaths. In contrast, Tppp KO mice display short-term fear memory deficits 409 

on the faster timescale of 1–2 days, likely consistent with pre-existing structural defects 410 

in myelination.  411 

Interestingly, other mouse models with structural myelin defects also display 412 

behavioral issues. CNP forms the “struts” of cytoplasmic channels that spiral around the 413 

myelin sheath (Snaidero et al., 2017) and contain lamellar microtubules (Snaidero et al., 414 

2014). Compared to wildtype mice, heterozygous Cnp-null mice spend more than 3-fold 415 

time holding on to a bar, in an assay that models catatonia, a symptom in 416 

schizophrenia. However, unlike Tppp KO mice (Fu et al., 2019), heterozygous Cnp-null 417 

mice do not display defects in Rotarod or fear conditioning (Hagemeyer et al., 2012).  In 418 

addition, behavioral assays performed on mice lacking PLP (proteolipid protein), a 419 

transmembrane myelin protein, demonstrated that, in terms of motor coordination, Plp-420 

null mice display no Rotarod deficits, but have gait and swimming defects. Behaviorally, 421 

Plp-null mice spend more time in the open arm of the zero maze and less time burying 422 

marbles, but, like Tppp KO mice, they displayed no open field assay differences. This 423 

specific subset of phenotypes can be attributed to regionally specific enhanced 424 

proliferation, as observed in the olfactory bulb and rostral corpus callosum (Gould et al., 425 

2018). Thus, different mouse models of hypomyelination can display distinct subsets of 426 

defects; this indicates that future studies should not only perform multiple behavioral 427 

assays but should also consider regionally distinct effects in the brain. 428 
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Since individual tasks rely on many different brain regions, it is difficult to pinpoint 429 

the most affected regions. In Plp-null mice, task-specific differences may be attributed to 430 

regionally specific increases in oligodendrocyte density in the olfactory bulb and rostral 431 

corpus callosum (Gould et al., 2018). In Tppp KO mice, hypomyelination has been 432 

observed in many regions, including cortex, hippocampus, caudate, and spinal cord (Fu 433 

et al., 2019). Thus, TPPP deficiency may broadly affect oligodendrocyte function and 434 

contribute to multiple behavioral problems found in Tppp KO mice. 435 

 The emerging principle of myelin plasticity or adaptive myelination encompasses 436 

structural myelin changes following neuronal activity. This has been tested in many 437 

paradigms, both after learning and with social environment change. In long-term fear-438 

based learning, oligodendrogenesis and increased myelination play a role in spatial 439 

learning and fear-based learning paradigms for periods of up to 30 days (Pan et al., 440 

2020; Steadman et al., 2020; Wang et al., 2020). Mechanistically, learning can 441 

strengthen hippocampal-cortical circuits, likely via synchronization of impulse 442 

conduction (Freeman et al., 2016; Steadman et al., 2020). For motor learning, both mice 443 

subject to optogenetic stimuli and complex wheel activity display changes in myelin 444 

structure (Gibson et al., 2014; McKenzie et al., 2014; Xiao et al., 2016). In addition, 445 

mice housed in social isolation demonstrate changes in white matter (Liu et al., 2012) 446 

and mice subject to chronic social stress have decreased expression of oligodendrocyte 447 

genes and myelination (Lehmann et al., 2017; Cathomas et al., 2019). Thus, myelin 448 

plasticity may be crucial for behavioral responses to environmental changes and future 449 

studies should investigate the molecular involvement of TPPP in microtubule-based 450 

myelin structural in response to learning.   451 



 

23 
 

REFERENCES 452 

Arancibia-Carcamo IL, Ford MC, Cossell L, Ishida K, Tohyama K, Attwell D (2017) Node 453 

of Ranvier length as a potential regulator of myelinated axon conduction speed. 454 

eLife 6. 455 

Aston C, Jiang L, Sokolov BP (2004) Microarray analysis of postmortem temporal cortex 456 

from patients with schizophrenia. J Neurosci Res 77:858-866. 457 

Bechler ME, Byrne L, Ffrench-Constant C (2015) CNS Myelin Sheath Lengths Are an 458 

Intrinsic Property of Oligodendrocytes. Curr Biol 25:2411-2416. 459 

Benes FM (1989) Myelination of cortical-hippocampal relays during late adolescence. 460 

Schizophr Bull 15:585-593. 461 

Carson JH, Worboys K, Ainger K, Barbarese E (1997) Translocation of myelin basic 462 

protein mRNA in oligodendrocytes requires microtubules and kinesin. Cell 463 

motility and the cytoskeleton 38:318-328. 464 

Cathomas F et al. (2019) Oligodendrocyte gene expression is reduced by and 465 

influences effects of chronic social stress in mice. Genes Brain Behav 466 

18:e12475. 467 

Chaaya N, Battle AR, Johnson LR (2018) An update on contextual fear memory 468 

mechanisms: Transition between Amygdala and Hippocampus. Neurosci 469 

Biobehav Rev 92:43-54. 470 

Crawley JN (1985) Exploratory behavior models of anxiety in mice. Neurosci Biobehav 471 

Rev 9:37-44. 472 

Fields RD (2008) White matter in learning, cognition and psychiatric disorders. Trends 473 

Neurosci 31:361-370. 474 



 

24 
 

Foong J, Maier M, Barker GJ, Brocklehurst S, Miller DH, Ron MA (2000) In vivo 475 

investigation of white matter pathology in schizophrenia with magnetisation 476 

transfer imaging. J Neurol Neurosurg Psychiatry 68:70-74. 477 

Freeman SA, Desmazieres A, Fricker D, Lubetzki C, Sol-Foulon N (2016) Mechanisms 478 

of sodium channel clustering and its influence on axonal impulse conduction. Cell 479 

Mol Life Sci 73:723-735. 480 

Fu MM, McAlear TS, Nguyen H, Oses-Prieto JA, Valenzuela A, Shi RD, Perrino JJ, 481 

Huang TT, Burlingame AL, Bechstedt S, Barres BA (2019) The Golgi Outpost 482 

Protein TPPP Nucleates Microtubules and Is Critical for Myelination. Cell 483 

179:132-146 e14. 484 

Georgieva L et al. (2006) Convergent evidence that oligodendrocyte lineage 485 

transcription factor 2 (OLIG2) and interacting genes influence susceptibility to 486 

schizophrenia. Proc Natl Acad Sci U S A 103:12469-12474. 487 

Gibson EM, Purger D, Mount CW, Goldstein AK, Lin GL, Wood LS, Inema I, Miller SE, 488 

Bieri G, Zuchero JB, Barres BA, Woo PJ, Vogel H, Monje M (2014) Neuronal 489 

activity promotes oligodendrogenesis and adaptive myelination in the mammalian 490 

brain. Science 344:1252304. 491 

Gould EA, Busquet N, Shepherd D, Dietz RM, Herson PS, Simoes de Souza FM, Li A, 492 

George NM, Restrepo D, Macklin WB (2018) Mild myelin disruption elicits early 493 

alteration in behavior and proliferation in the subventricular zone. eLife 7:e34783. 494 

Gould TD, Dao DT, Kovacsics CE (2009) The Open Field Test. In: Mood and Anxiety 495 

Related Phenotypes in Mice, pp 1-20. Totowa, NJ: Humana Press. 496 



 

25 
 

Gregg JR, Herring NR, Naydenov AV, Hanlin RP, Konradi C (2009) Downregulation of 497 

oligodendrocyte transcripts is associated with impaired prefrontal cortex function 498 

in rats. Schizophr Res 113:277-287. 499 

Hafner H (2019) From Onset and Prodromal Stage to a Life-Long Course of 500 

Schizophrenia and Its Symptom Dimensions: How Sex, Age, and Other Risk 501 

Factors Influence Incidence and Course of Illness. Psychiatry J 2019:9804836. 502 

Hagemeyer N, Goebbels S, Papiol S, Kastner A, Hofer S, Begemann M, Gerwig UC, 503 

Boretius S, Wieser GL, Ronnenberg A, Gurvich A, Heckers SH, Frahm J, Nave 504 

KA, Ehrenreich H (2012) A myelin gene causative of a catatonia-depression 505 

syndrome upon aging. EMBO Mol Med 4:528-539. 506 

Hakak Y, Walker JR, Li C, Wong WH, Davis KL, Buxbaum JD, Haroutunian V, Fienberg 507 

AA (2001) Genome-wide expression analysis reveals dysregulation of 508 

myelination-related genes in chronic schizophrenia. Proc Natl Acad Sci U S A 509 

98:4746-4751. 510 

Herbert AL, Fu MM, Drerup CM, Gray RS, Harty BL, Ackerman SD, O'Reilly-Pol T, 511 

Johnson SL, Nechiporuk AV, Barres BA, Monk KR (2017) Dynein/dynactin is 512 

necessary for anterograde transport of Mbp mRNA in oligodendrocytes and for 513 

myelination in vivo. Proc Natl Acad Sci U S A 114:E9153-E9162. 514 

Hof PR, Haroutunian V, Copland C, Davis KL, Buxbaum JD (2002) Molecular and  515 

Jones PH, Deng B, Winkler J, Zirnheld AL, Ehringer S, Shetty V, Cox M, Nguyen H, 516 

Shen W-J, Huang T-T, Wang E (2019) Over-expression of miR-34c leads to 517 

early-life visceral fat accumulation and insulin resistance. Sci Rep 9:13844. 518 

Khroyan TV, Zhang J, Yang L, Zou B, Xie James, Pascual C, Malik A, Xie Julian, Zaveri 519 



 

26 
 

NT, Vazquez J, Polgar W, Toll L, Fang J, Xie X (2012) Rodent motor and 520 

neuropsychological behaviour measured in home cages using the integrated 521 

modular platform SmartCageTM. Clin Exp Pharmacol Physiol 39:614–622. 522 

Pan S, Mayoral SR, Choi HS, Chan JR, Kheirbek MA (2020) Preservation of a remote 523 

fear memory requires new myelin formation. Nat Neurosci. 524 

Pantoni MM, Herrera GM, Van Alstyne KR, Anagnostaras SG (2020) Quantifying the 525 

Acoustic Startle Response in Mice Using Standard Digital Video. Front Behav 526 

Neurosci 14:83. 527 

Steadman PE, Xia F, Ahmed M, Mocle AJ, Penning ARA, Geraghty AC, Steenland HW, 528 

Monje M, Josselyn SA, Frankland PW (2020) Disruption of Oligodendrogenesis 529 

Impairs Memory Consolidation in Adult Mice. Neuron 105:150-164 e6. 530 

Tabula Muris C, Overall  coordination, Logistical  coordination, Organ  collection, 531 

processing, Library  preparation, sequencing, Computational data  analysis, Cell 532 

type  annotation, Writing  group, Supplemental text writing  group, Principal  533 

investigators (2018) Single-cell transcriptomics of 20 mouse organs creates a 534 

Tabula Muris. Nature 562:367–372. 535 

Wang F, Ren S-Y, Chen J-F, Liu K, Li R-X, Li Z-F, Hu B, Niu J-Q, Xiao L, Chan JR, Mei 536 

F (2020) Myelin degeneration and diminished myelin renewal contribute to age-537 

related deficits in memory. Nat Neurosci 23:481–486. 538 

Weigel M, Wang L, Fu M (2020) Microtubule Organization and Dynamics in 539 

Oligodendrocytes, Astrocytes, and Microglia. Develop Neurobiol dneu.22753. 540 

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, Phatnani HP, 541 

Guarnieri P, Caneda C, Ruderisch N, Deng S, Liddelow SA, Zhang C, Daneman 542 



 

27 
 

R, Maniatis T, Barres BA, Wu JQ (2014) An RNA-sequencing transcriptome and 543 

splicing database of glia, neurons, and vascular cells of the cerebral cortex. The 544 

Journal of neuroscience : the official journal of the Society for Neuroscience 545 

34:11929–47. 546 

  547 



 

28 
 

LEGENDS 548 

Figure 1. Tppp knockout mice display normal open field activity. 549 

(A) Open field assay experimental design. Wildtype and Tppp KO mice were allowed to 550 

move freely through an arena where infrared (IR) beams measured their movement. n = 551 

5 mice per genotype for all data in Figure 1. Detailed statistical results can be found in 552 

Figure 1-1; power analyses can be found in Figure 1-2. 553 

(B) Wildtype and Tppp KO mice did not show any differences in distance traveled during 554 

the 60-minute locomotion test. 555 

(C) Wildtype and Tppp KO mice did not show any differences in velocity during the 60-556 

minute locomotion test. 557 

(D) Wildtype and Tppp KO mice did not show any significant differences in number of 558 

vertical activity events when evaluated by 2-way ANOVA (p = 0.170, time x genotype 559 

interaction). Evaluating wildtype versus Tppp KO means at each timepoint using 560 

independent t-tests yielded p = 0.016 for the first timepoint (WT: 99.4 counts, Tppp KO: 561 

26.0 counts) but p > 0.05 for all other timepoints, suggesting that wildtype mice show 562 

significantly more vertical activity during the first 10 minutes of the 60-minute locomotion 563 

test. Graph represent significance based on two-way ANOVA with post-hoc Sidak 564 

multiple comparisons test.  565 

(E) Wildtype and Tppp KO mice did not show any significant differences in number of 566 

right rotations during the 60-minute locomotion test. At the 30-minute time-point, 567 

p=0.209.  568 

(F) Wildtype and Tppp KO mice did not show any differences in number of left rotations 569 

during the 60-minute locomotion test. At the 40-minute timepoint, p=0.4741 (p=0.149  570 
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by independent t-test of means at that timepoint) and at the 50-minute timepoint, 571 

p=0.6586 (p=0.148 by independent t-test of means at that timepoint). At all other time 572 

points, p>0.45.  573 

 574 

Figure 2. Tppp knockout mice display normal light-dark preferences. 575 

(A) Light-dark box assay experimental design. Wildtype and Tppp KO mice were 576 

allowed to move freely between light and dark sides of a cage to examine anxiety. n = 5 577 

mice per genotype for all data in Figure 2. Detailed statistical results can be found in 578 

Figure 2-1; power analyses can be found in Figures 1-2 and 2-2. 579 

(B) Wildtype and Tppp KO mice did not show any difference in percentage of time spent 580 

in light or dark zones when analyzed in 10-minute bins.  581 

(C) Wildtype and Tppp KO mice did not show any difference in total percentage of time 582 

spent in the dark zone. 583 

 584 

Figure 3. Tppp knockout mice display defective fear conditioning. 585 

(A) Fear conditioning assay experimental design. On Day 0, mice were acclimated to a 586 

wired floor cage with a background scent of 10% ethanol. On Day 1, the mice were 587 

again acclimated to the cage and then a cue sound was played for 20 seconds followed 588 

by a foot shock and a 60-second intertrial interval (ITI). The cue, trace, shock, and ITI 589 

were repeated for a total of 4 times. On Day 2, mice were placed in the same wired floor 590 

cage with 10% ethanol scent. On Day 3, mice were acclimated to a cage with solid 591 

smooth flooring and 1% vanilla background scent and then given the cue sound, without 592 
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the shock. n = 11 mice per genotype for all data in Figure 3. Detailed statistical results 593 

can be found in Figure 3-1; power analyses can be found in Figures 1-2 and 2-2. 594 

(B) On Day 1 (training), Tppp KO mice had similar freezing responses as wildtype mice, 595 

with no significant differences in percentage time spent freezing when evaluated by two-596 

way ANOVA with post-hoc Sidak’s multiple comparisons test. Graphs represent 597 

significance based on two-way ANOVA with post-hoc Sidak multiple comparisons test. 598 

Evaluating wildtype versus Tppp KO means as independent t tests (i.e. at different time 599 

points/periods) gives p-values of 0.371 (Wildtype: 2.306%, Tppp KO: 0.472%) at 600 

baseline and of 0.042 (Wildtype: 62.94%, Tppp KO: 47.79%) during ITI4 (p=0.042). All 601 

other p-values generated by independent t-tests were greater than 0.05. 602 

(C) On Day 2 (context recall), Tppp KO mice displayed less freezing overall compared 603 

with wildtype mice. p=0.007 by Welch’s t-test.  604 

(D) On Day 3 (context recall), Tppp KO mice displayed significantly less freezing than 605 

wildtype mice at all timepoints during the first two rounds of training.  Graphs represent 606 

significance based on two-way ANOVA with post-hoc Sidak multiple comparisons test. 607 

Evaluating wildtype versus Tppp KO means as independent t tests (i.e. at different time 608 

points/periods) reveals significant p-values for all other timepoints except Trace 3: At 609 

baseline, p=0.0014 (Wildtype: 24.74%, Tppp KO: 8.650%); for Cue 3, p=0.0213 610 

(Wildtype: 35.65%, Tppp KO: 13.55%); for Trace 3, p=0.0634 (Wildtype: 35.64%, Tppp 611 

KO: 17.06%); for ITI 3, p=0.0473 (Wildtype: 31.21%, Tppp KO: 14.60%); for Cue 4, 612 

p=0.0269 (Wildtype: 39.66%, Tppp KO: 17.03%); for Trace 4, p=0.0294 (Wildtype: 613 

38.85%, Tppp KO: 19.64%); for ITI 4, p=0.0320 (Wildtype: 35.63%, Tppp KO: 18.36%). 614 
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(E) On Day 3, Tppp KO mice displayed significantly less freezing during baseline, cue, 615 

trace, and ITI periods than wildtype mice. P-values calculated by two-way ANOVA.  616 

 617 

Figure 4. Tppp knockout mice have spatial memory defects.  618 

(A) Y-maze assay experimental design. Wildtype and Tppp KO mice were placed in the 619 

center of a Y-shaped apparatus and allowed to travel to one of its arms, each with a 620 

different visual cue at the end. n = 8 mice per genotype for all data in Figure 4. Detailed 621 

statistical results can be found in Figure 4-1; power analyses can be found in Figure 2-622 

2. 623 

(B) Tppp KO and wildtype mice did not show a significant difference in number of total 624 

entries.  625 

(C) Tppp KO mice had lower percentage of spontaneous entry alteration than wildtype 626 

counterparts. p=0.0014 by Welch’s t-test. 627 

 628 

Figure 5. Tppp knockout mice lack looming fear response. 629 

(A) Looming fear assay experimental design. Mice were placed in an arena with a shelf 630 

on one side to hide under. The ceiling of the arena contained an LED screen that 631 

projected a looming stimulus – an expanding black circle on a white background – onto 632 

the cage. Detailed statistical results can be found in Figure 5-1; power analyses can be 633 

found in Figure 2-2. 634 

(B) Ethogram of responses to looming stimulus, classified as either running, hiding, 635 

freezing, or ambulating. Arrows represent rearing events. Running events were only 636 

observed in wildtype mice. n = 5 wildtype mice, 6 Tppp KO mice for all data in Figure 5. 637 
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(C–E) Percentage of time spent hiding, ambulating or freezing in response to looming 638 

stimulus. Compared to wildtype mice, Tppp KO mice spent significantly less time hiding 639 

(p=0.0001), significantly more time ambulating (p=0.011), and no significant difference 640 

in time freezing (p = 0.26). 641 

(F) Tppp KO mice displayed significantly more rearing events than wildtype mice (p = 642 

0.030). 643 

(G) Tppp KO mice displayed significantly more head tilts than wildtype mice.  644 

 645 

Figure 6. Tppp knockout mice have normal pupillary dilation. 646 

(A) Pupillary dilation assay experimental design. A blue laser was beamed into the left 647 

pupil and the light reflex of the right pupil was recorded. Detailed statistical results can 648 

be found in Figure 1-1; power analyses can be found in Figure 1-2. Detailed statistical 649 

results can be found in Figure 6-1; power analyses can be found in Figures 1-2 and 2-2. 650 

(B) Both wildtype and Tppp KO mice display pupil dilation reflexes. Graphs represent 651 

significance based on two-way ANOVA with post-hoc Sidak multiple comparisons test, 652 

which shows no significant difference in relative pupil size between Tppp KO and 653 

wildtype mice. Evaluating wildtype versus Tppp KO means as independent t tests (i.e. 654 

at different time points/periods) gives significant p-values at 40 and 45 seconds (p = 655 

0.025 at 40 s and p = 0.030 at 45 s) and does show significant differences at other 656 

timepoints (p = 0.055 at 50 s and p > 0.15 at all other timepoints). n = 6 mice per 657 

genotype. 658 

(C) Novel female interest assay experimental design. A novel female mouse (unfamiliar 659 

to the male mice) was randomly placed inside one of the four slotted metallic enclosures 660 
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placed at the corners of the testing arena. Male mice were placed at the center of the 661 

arena facing the visual cues on the wall and subjected to 10 minutes of experience trial.  662 

(D) Female interest was scored as the amount of time (out of 10 minutes total) that the 663 

male mouse spent interacting with the female inside the enclosure.  664 

 665 

Video 1: Looming Fear in a Wildtype Mouse 666 

Video recording of looming fear assay performed on a wildtype mouse. 667 

 668 

Video 2: Looming Fear in a Tppp KO Mouse 669 

Video recording of looming fear assay performed on a Tppp KO mouse. 670 

 671 

Figure 1-1. Detailed results of statistical analysis in Figure 1. 672 

 673 

Figure 1-2. Power, 2-way ANOVAs 674 

 675 

Figure 2-1. Detailed results of statistical analysis in Figure 2. 676 

 677 

Figure 2-2. Power, t-tests 678 

 679 

Figure 3-1. Detailed results of statistical analysis in Figure 3. 680 

 681 

FIgure 4-1. Detailed results of statistical analysis in Figure 4. 682 

 683 
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Figure 5-1. Detailed results of statistical analysis in Figure 5. 684 

 685 

Figure 6-1. Detailed results of statistical analysis in Figure 6. 686 

 687 

 688 














