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Abstract 40 

It is a daily challenge for our brains to establish new memories via learning while providing stable 41 
storage of remote memories. In the adult vertebrate brain, bimodal regulation of the extracellular 42 
matrix (ECM) may regulate the delicate balance of learning-dependent plasticity and stable memory 43 
formation. Here, we trained adult male mice in a cortex-dependent auditory discrimination task and 44 
measured the abundance of ECM proteins brevican and tenascin-R over the course of acquisition 45 
learning, consolidation and long-term recall in two learning-relevant brain regions; the auditory 46 
cortex and hippocampus. While early training led to a general downregulation of total ECM proteins, 47 
successful retrieval correlated with a region-specific and transient upregulation of brevican levels in 48 
the auditory cortex. No other parameter such as arousal or stress could account for the transient and 49 
region-specific brevican upregulation. This performance-dependent biphasic regulation of the 50 
extracellular matrix may assist transient plasticity to facilitate initial learning and subsequently 51 
promote the long-term consolidation of memory.   52 

 53 

Significance statement: The capacity to learn throughout life and at the same time guarantee 54 
lifelong storage and remote recall of established memories is a daily challenge. Emerging evidence 55 
suggests an important function of the extracellular matrix (ECM), a conglomerate of secreted 56 
proteins and polysaccharides in the adult vertebrate brain. We trained mice in an auditory long-term 57 
memory task and measured learning-related dynamic changes of the ECM protein brevican. 58 
Specifically, in the auditory cortex brevican is downregulated during initial learning and subsequently 59 
upregulated in exclusively those animals that have learned the task, suggesting a performance-60 
dependent regulation in the service of memory consolidation and storage. Our data may provide 61 
novel therapeutic implications for several neuropsychiatric diseases involving dysregulation of the 62 
ECM. 63 

 64 

 65 

 66 

 67 
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 69 

 70 

 71 

 72 
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 78 

 79 

 80 
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Introduction 81 

 82 

The brain has to provide plastic adaptability throughout life and concurrently guarantee lifelong 83 
storage of established memories. Emerging evidence suggests that the extracellular matrix (ECM) 84 
plays a crucial role in balancing neuronal plasticity and stability (Pizzorusso et al., 2002; Happel et al., 85 
2014; Lorenzo Bozzelli et al., 2018). The ECM in the mature brain is a conglomerate of proteoglycans 86 
and glycoproteins enwrapping neurons and synapses and reduces structural plasticity in adult 87 
vertebrates due to its repulsive properties (de Vivo et al., 2013). It appears in at least three forms: 1) 88 
a dense net-like form mainly found around parvalbumine positive (PV+) inhibitory neurons called 89 
perineuronal nets (PNN), 2) a cell-bound form and 3) a “loose” form detected throughout the brain 90 
(Sorg et al., 2016). 91 

The attenuating effect of the ECM on plastic reorganizations associated with cognitive learning and 92 
memory consolidation is well documented. Mouse models deficient in tenascin-R (TNR) or brevican 93 
(BCN), both abundant ECM constituents of PNNs and “loose” ECM, show impaired forms of 94 
hippocampal long-term potentiation (Dityatev et al., 2010), altered function of PV+ interneurons 95 
(Favuzzi et al., 2017), and affected hippocampus-dependent spatial or contextual acquisition learning 96 
(Morellini et al., 2010). Enzymatic depletion of the ECM by local injection of chondroitinase ABC 97 
(chABC) or hyaluronidase (HYase) into prefrontal cortex, hippocampus (CA) or auditory cortex (ACx) 98 
in wildtype mice impaired auditory contextual fear memory for 24-48 h (Hylin et al., 2013; Banerjee 99 
et al., 2017). Injections into perirhinal cortex prolonged object recognition memory (Romberg et al., 100 
2013) and compensated impaired recall in an Alzheimer mouse model (Végh et al., 2014; Yang et al., 101 
2015). The effect of enzymatic ECM removal depends on the timing and region of injection. For 102 
instance, ECM depletion in the amygdala did not affect acquisition of fear or drug memories, but 103 
promoted their subsequent extinction (Gogolla et al., 2009; Xue et al., 2014). Recently, we have 104 
shown that injection of HYase into the auditory cortex of Mongolian gerbils significantly improved 105 
the performance in an auditory cortex-dependent reversal learning task, while also not affecting 106 
acquisition learning (Happel et al., 2014). During states of weakened ECM, established memories 107 
might hence be more vulnerable to an activity-dependent change. Indeed, ECM proteins are targets 108 
of extracellular proteases, which may be activated during initial learning (Frischknecht et al., 2008; 109 
Dityatev et al., 2010). Thus, proteolytic cleavage of ECM proteins such as brevican and their 110 
subsequent degradation may reduce the integrity of the ECM and support structural plasticity. On 111 
the other hand, upregulation of ECM proteins at later learning phases may increase ECM density and 112 
promote synapse stabilization which is necessary for long-term memory consolidation (Dudai, 2012). 113 
Thus, we hypothesized that endogenous regulation of ECM levels during initial learning and remote 114 
memory storage may assist both, learning-dependent plasticity and long-term consolidation. 115 

To test this, we measured the abundance of the ECM proteins brevican and tenascin-R during 116 
acquisition, consolidation, and long-term (>4 weeks) memory recall during an auditory discrimination 117 
task in the auditory cortex and hippocampus of mice. Auditory training led to a general and 118 
immediate decrease of brevican abundance followed by a delayed and transient upregulation of the 119 
full-length protein during memory consolidation specifically in the auditory cortex as revealed by 120 
semi-quantitative Western blots. While upregulation of brevican in the ACx during consolidation was 121 
performance-dependent, brevican was not altered during long-term recall. Downregulation of 122 
brevican and tenascin-R during initial learning in the ACx and CA was performance-independent. This 123 
suggests that brevican and possibly other ECM molecules such as tenascin-R, are downregulated 124 
during initial training to facilitate learning-related network rearrangements and that transient, 125 
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region-specific upregulation during retrieval is the necessary mediator for successful consolidation of 126 
recent memories for remote recall.  127 

Materials and Methods 128 

 129 

Ethics statement 130 

Experiments were performed on adult male C57Bl6/N mice (Mus musculus) at the age of 8-14 weeks 131 
(body weight: 27-36 g). Animals were obtained from Charles River (Sulzfeld, Germany) and housed in 132 
groups of three or four individuals per home cage on a 12-h light/dark cycle (light on at 6am). They 133 
had free access to standard laboratory chow and tap water. All experimental procedures were 134 
carried out in accordance with the EU Council Directive 86/609/EEC and were approved and 135 
authorized by the local Committee for Ethics and Animal Research (Landesverwaltungsamt Halle, 136 
Germany) in accordance with the international NIH Guidelines for Animals in Research.  137 

 138 

Experimental design and statistical analysis  139 

We assessed the learning behavior of animals in a cortex-dependent auditory learning paradigm (see 140 
next paragraph). We investigated the alteration of the ECM molecules brevican and tenascin-R within 141 
auditory cortex over the course of four subsequent defined learning stages by using semi-142 
quantitative Western blot (n=8 each group; Figure 1A-B). Additionally, also a group of low-143 
performing animals (n=7), a control group with pseudo-training by non-paired tone and foot shock 144 
presentation (n=8), and a naïve animal group (n=8) was investigated. Altogether, experiments were 145 
conducted on 55 animals.  146 

For comparison of two samples, a paired Student’s t-test was used. For statistical group evaluation, 147 
analysis of variance (ANOVA or Kruskal-Wallis) was performed. Tukey-test for multiple comparisons 148 
or Bonferroni-correction were used for post-hoc comparisons, respectively (GraphPad Prism 6). By 149 
correlation analyses, we tested the dependence of ECM protein regulation and behavioral 150 
parameters, like learning performance or number of foot shocks (R-studio). In all cases a significance 151 
level of p<0.05 was considered as statistically significant.  152 

 153 

Behavioral experiments 154 

Adult C57Bl6/N mice were trained once per day to discriminate the direction of linear frequency 155 
modulated (FM) tones in a Go/NoGo two-way active avoidance shuttle-box paradigm (Wetzel et al., 156 
1998; Ohl et al., 1999; Kähne et al., 2012; Happel et al., 2015; Reichenbach et al., 2015). The shuttle-157 
box (TSE Technologies) was placed in an acoustically shielded chamber and contained two 158 
compartments separated by a hurdle (Figure 1A, left). After 3 minutes of habituation to the training 159 
chamber without acoustical stimulation and foot shock, mice were trained to discriminate between a 160 
conditioned Go- (CS+) and a conditioned NoGo-stimulus (CS–) consisting of sequences (250-ms tone 161 
with 5-ms linear onset and offset ramps, 250-ms pause, 6 s duration) of a rising (4-8 kHz) and of a 162 
falling (8-4 kHz) frequency-modulated tone. The unconditioned stimulus (US) was a mild foot shock 163 
(started with 200 μA) administered through a metal floor grid. Current applied for foot shock was 164 
adapted for each animal individually to elicit comparable response strengths for the escape behavior 165 
(see Figure 1C; Happel et al., 2015). The conditioned Go response (CR+) was defined as the first 166 
change of shuttle-box compartments by crossing the hurdle within an observation window of 6 s 167 
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after the onset of the CS. Staying in the compartment was defined as NoGo conditioned response 168 
(CR–). A CR+ during the observation window in response to a CS+ or CS– was counted as a hit or false 169 
alarm, respectively. No shuttling in the observation window in response to a CS+ or CS– was counted 170 
as a miss or correct rejection, respectively. The foot shock is always turned off when animals changed 171 
compartments in response to the US (escape response). Other compartment changes were classified 172 
as inter-trial shuttles (ITS). Each daily session consisted of 60 trials, that is, 30 presentations of each 173 
CS+ and CS– in a pseudorandomized order (mean intertrial interval: 20±5 s). Stimuli were delivered 174 
through calibrated loudspeakers at ~75 dB SPL.  175 

We calculated conditioned response learning curves for CS+ and CS– separately (hit rate = hits / 176 
number of CS+ trials; false alarm rates = false alarms / number of CS- trials; Figure 1A, right). We 177 
further used the sensitivity index d’ which allows to assess the behavioral sensitivity independent of 178 
experimental conditions biasing the response of the animal based on signal detection theory (Deliano 179 
et al., 2009). For d’ analysis, z-scores of corresponding hit and false-alarm rates were derived from 180 
the inverses of a standardized normal distribution function and divided (d’ = zhits ─ zfalse alarms). Values 181 
of d’ = 1.0 correspond to a signal discrimination strength of one standard deviation above noise, 182 
which we defined as threshold criterion for robust auditory discrimination (Happel et al., 2015).  183 

Based on CR-rates and d’ the learning performance was scored into training stages (Figure 2). Within 184 
the first one or two sessions, animals reduced their escape latencies to less than 1 s after the onset 185 
of the US (Figure 1C).  Next, subjects shuttled in response to the CS before US onset in order to avoid 186 
the mild foot shock which is referred to as avoidance learning (AV; n=8). This was quantified by a d’AV 187 
> 1.0 calculated for CS+ trials against the ITS as reference of spontaneous shuttling (d’AV = zhits / zITS). 188 
In a next step, animals reduced the number of false alarms and thereby established a successful 189 
discrimination strategy. If animals reached the threshold criterion of d’ > 1.0 for three consecutive 190 
sessions, we referred to as the acquisition stage during which animals showed the steepest learning 191 
progress (AQ; n=8). Animals were hence sacrificed 48h after their first significant discrimination 192 
performance. A group of animals that quickly accelerated acquisition was trained until they 193 
performed five training days or longer above d’>1.0 and hence were in the retrieval phase of 194 
consolidated memory recall (RT; n=8). Another group that has reached this retrieval criterion after 12 195 
training days has been kept in the homecage over a retention interval of four weeks. Then, long-term 196 
recall (LTR; n=8) performance was tested over additional five training sessions. For each training 197 
group (AV, AQ, RT, LTR) we trained eight animals that were sacrificed directly after reaching the 198 
corresponding training stage. Brains were removed for proteinbiochemistry (see below). In the entire 199 
training set, we had a group of 7 mice that only reached the avoidance criterion, but failed to 200 
discriminate the two FM-signals. Hence, animals of this group did not acquire the acquisition or 201 
retrieval stage of the task within the first 10 training sessions. This group is henceforth referred to as 202 
the low-performing group (LP; n=7). This group experienced the highest levels of foot shocks per 203 
session without a considerable decrease of the shock rate over the 10 training sessions (see Figure 204 
2D). To control against general effects of tone or shock presentation, another control group of 8 205 
animals received 6 sessions with unpaired and randomized tones and foot shocks (30 shocks per 206 
session) and subsequently 4 sessions without foot shocks. Altogether, this group received the same 207 
amount of tones and foot shocks over 10 training sessions, as in the retrieval group. On average, 208 
animals in the retrieval group received 180 foot shocks over 10 training sessions with lower numbers 209 
in later sessions due to higher performance. The control group hence tests for the specificity of 210 
auditory association learning and controls against potential effects of relief of potential 211 
arousal/stress over the training procedure (see Figure 5 below).  212 

 213 



 

6 
 

Semi-quantitative Western blot and immunofluorescence detection 214 

Animals from each learning stage group were anesthetized using isoflurane (4%) and sacrificed 215 
directly after the last training session. For tissue preparation, brains were removed and bilateral 216 
hippocampus and auditory cortex were localized and surgically removed on the basis of their 217 
stereotaxic coordinates (Kähne et al., 2012; CA on the basis of its structure and ACx: Bregma −2.06 to 218 
−3.4, size: rostrocaudal 2 mm, dorsoventral 1.3 mm. Tissue was dissected and immediately frozen in 219 
liquid nitrogen and stored at -80°C. Probes were then thawed on ice and the ECM was extracted for 220 
45 min at 37° C using chondroitinase extraction buffer (0.1 M Tris-HC 0.03 M Sodiumacetate, 221 
including protease inhibitor ROCHE complete ULTRA Tablets EDTA-free, pH 8.0) containing 1 μl 222 
chondroitinase ABC (EC 4.2.2.4, Sigma Aldrich, 0.1 unit) per 800 μl buffer at a ratio 1:10 223 
(weight/volume). Subsequently, probes were centrifuged at 4° C, 12000 U/min (Eppendorf 224 
Microcentrifuge, 5424 R). Pellets and supernatants were mixed with Lämmli buffer and analyzed by 225 
SDS-PAGE and Western blot using Tris-Glycin 5-20% gradient gels containing 2,2,2-Trichloroethanol 226 
(TCE) to visualize and quantify total protein amount (Ladner et al., 2004). Each fraction was loaded 227 
twice and gels were blotted on PVDF (polyvinylidendifluorid; Millipore) membranes using the Mighty 228 
Small Transfer Tank system (Hoefer). Blots were then rinsed with Tris buffered salt solution 229 
containing 0.1% Tween20 (TBS-T) and blocked for 45 min in TBS-T containing 5% bovine serum 230 
albumin (BSA). Blots were then incubated with primary antibody solution (ms anti brevican 1:1000, 231 
BD Transduction Laboratories, cat. Nr. 610894; goat anti tenascin-R 1:200, Santa Cruz, cat. Nr. Sc-232 
9875; in TBS-T). Subsequently, they were incubated with corresponding fluorescence coupled 233 
secondary antibody (donkey anti mouse alexafluor-680, donkey anti goat alexafluor 800; Li-COR Inc.). 234 
Blots were scanned using the Li-COR system (Odyssey) and signals quantified using ImageJ. Signal 235 
intensity was normalized against a standard sample (total brain homogenate) for each blot and 236 
corrected for protein load determined by UV-visualization of total protein labeled with TCE (Ladner 237 
et al., 2004). Within each blot, fluorescence intensity for each protein band was normalized to the 238 
naïve sample.  239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 
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 254 

 255 

 256 

 257 

Results 258 

 259 

We trained mice in an auditory cortex-dependent discrimination learning and long-term recall 260 
paradigm in a shuttle-box (for details see Materials and Methods). We investigated the abundance of 261 
brevican and tenascin-R in auditory cortex and hippocampus at different learning phases and long-262 
term recall by semi-quantitative Western blotting.  263 

 264 

Classification of learning stages in a cortex-dependent auditory discrimination task 265 

In the first part of this study, individual groups of animals (total n=39) were trained to discriminate 266 
two frequency-modulated tones as conditioned stimuli based on their modulation direction (rising 4-267 
8 kHz vs. falling 8-4 kHz; ~75dB SPL) in an aversive two-way Go/NoGo shuttle-box paradigm (Figure 268 
1A; Wetzel et al., 1998). This learning process has been demonstrated to depend on learning-related 269 
plasticity in auditory cortex (Ohl et al., 1999; Ohl and Scheich, 2005). We classified distinct learning 270 
stages based on conditioned response rates and learning curves based on the sensitivity index d’ (see 271 
Materials and Methods) within individual subjects (Figure 1A-B). A first group was trained until 272 
animals showed significantly increased hit responses compared to spontaneous inter-trial shuttles 273 
for 2 consecutive days avoiding foot shock punishment in Go-trials (Figure 2A). In this early learning 274 
stage animals generally increased shuttling in response to both conditioned stimuli. Hit and false 275 
alarm rates did not significantly differ yielding a d’ < 1.0. Therefore, we refer to this stage as 276 
avoidance stage (AV, n=8; cf. Stark and Scheich, 1997). Animals needed 2.0 ± 0.10 sessions to reach 277 
the avoidance criterion (Figure 2A, bottom). A next group of animals was trained until they started to 278 
significantly discriminate between CS+ and CS– based on a threshold criterion of d’ > 1.0 for 3 279 
consecutive sessions, which we refer to as the acquisition stage (AQ, n=8). In this group, animals had 280 
their first session with a significant discrimination on average after 5.25 ± 0.56 sessions and were 281 
sacrificed for biochemical analysis 48h later. Another set of animals acquired discrimination and 282 
showed a stable performance over five or more consecutive sessions above d’ > 1.0 within the first 283 
10 training days referred to as the retrieval group (RT, n=8). The retrieval criterion in this group was 284 
reached after 6.8 ± 0.38 sessions. Hence, after 10 days animals of the RT group have reached a 285 
consolidation phase of the training procedure. Animals that failed to reach the AQ and RT criterion 286 
due to unsuccessful discrimination even after 10 days were sorted into a group of low-performing 287 
animals (LP; n=7). This group only reached the avoidance criterion, but did not establish a significant 288 
discrimination of the both CS (d’ < 1.0). Across the entire training set, 7 out of the total 39 trained 289 
animals were classified as low-performers. A last group of learners, which had reached the RT 290 
criterion within 12 training days was trained again after a retention interval of 4 weeks. During long-291 
term recall (LTR, n=8) all animals showed initially an avoidance strategy (shuttling to both CS without 292 
discrimination) within the first LTR session (Figure 2A, right). In following sessions, animals quickly 293 
reduced their false alarm rate and showed a successful recall of the correct discrimination behavior 294 
yielding d’ > 1.0.  295 
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All groups reached the individual learning stage criteria within a comparable amount of sessions 296 
(One-way ANOVAs of sessions needed to reach a respective learning stage revealed no significant 297 
differences between all groups, p<0.05; Table 1A). Chosen criteria of learning stages led to 298 
considerable differences in performance across training groups revealed by a significantly lower 299 
mean d’ in the last session of the AV and LP group compared to all other training groups (Figure 2B). 300 
Furthermore, with increasing performance reaction times in avoidance learning generally decrease 301 
(cf. Logan, 1992). Animals showed a corresponding trend of shortest reaction times in the retrieval 302 
and long-term recall groups and were significantly longer in low-performing animals (Figure 2C). As 303 
an indicator of overall aversive load, and hence potential arousal, absolute numbers of shocks 304 
differed between groups and significantly increased with length of training and task failure (Figure 305 
2D). In order to test for effects of general arousal and specificity of associative learning, a group of 306 
control animals received a comparable amount of tones and shocks over 10 daily sessions as animals 307 
in the retrieval group (see Figure 5 below). Brains of each animal were removed directly after the last 308 
training session and used for further Western blot analyses.  309 

 310 

Complementary learning-dependent alterations of full-length and cleaved brevican are specific for 311 
auditory cortex 312 

We collected samples from bilateral auditory cortex and hippocampus of animals trained to the 313 
aforementioned learning stages and quantified the abundance of brevican and tenascin-R as 314 
representative proteins of the ECM on semi-quantitative Western blots (n=39 trained, n=8 naïve, n=8 315 
non-associative control). Although the three forms of the ECM have a similar molecular composition, 316 
they differ in their biochemical properties. While the “loose” ECM is highly soluble, PNNs and cell-317 
bound ECM need denaturing conditions to be extracted from tissue (Deepa et al., 2006). We treated 318 
dissected tissue with chABC, which releases most of the ECM components to the supernatant. 319 
Subsequently samples were centrifugated to separately analyze soluble and cellular components 320 
corresponding to “loose” and PNN/cellular ECM, respectively (Figure 3A-B). Brevican appears as 145 321 
kDa full-length and 55 kDa N-terminal proteolytic fragment, which were analyzed separately (Figure 322 
3A).  323 

Analysis of the ECM fraction (supernatant) of ACx showed differential, learning-stage dependent 324 
changes of the 145 kDa full-length and 55 kDa proteolytic fragment of brevican compared to a naïve 325 
control group (Figure 3C). Behavioral training led to a decrease of the 55 kDa fragment of brevican in 326 
all trained animals, but reached statistical significance only in animals that failed to discriminate the 327 
two CS (Table 1B). The 145 kDa full-length brevican showed no change during early training in the 328 
soluble fraction, but was significantly upregulated in the retrieval group revealed by a significant 329 
One-way ANOVA and Posthoc Tukey tests of multiple comparisons (Table 1, B). This upregulation 330 
with successful consolidation of the recent auditory discrimination memory was found to be 331 
transient, as levels recovered back to baseline in the long-term recall group.   332 

The cellular fraction (pellet) of auditory cortex samples is enriched in PNN and cellular ECM (Deepa et 333 
al., 2006). In this fraction the 145 kDa full-length brevican showed no significant regulation during 334 
initial training compared to naïve animals in (Figure 3C). In contrast, the 55 kDa proteolytic fragment 335 
of brevican was significantly less abundant in all training groups independent of performance except 336 
for the LTR group. During long-term recall, animals showed a restored amount of the 55 kDa 337 
fragment comparable with levels in naïve animals (Figure 3C; Table 1D).  338 

The auditory cortex undergoes plastic reorganizations during the task under investigation (Ohl et al., 339 
1999). In order to test for general training-derived alterations, for instance reflecting contextual 340 
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learning, in addition to region-specific changes within auditory cortex, we further analyzed changes 341 
of brevican in the hippocampus. Indeed, also in the hippocampus the 55 kDa brevican fragment in 342 
the pellet fraction was significantly reduced in all training groups (Figure 3B and D; Table 1D). The 343 
soluble fraction showed only a minor decrease of the 55 kDa brevican, but not significantly different 344 
from naïve controls. Further, full-length brevican showed only a non-significant tendency for 345 
downregulation in the soluble and the cellular fraction within any training phase compared to naïve 346 
controls (Table 1B-D).  347 

In addition, we investigated regulation of tenascin-R, a binding partner of brevican (Figure 4). In 348 
auditory cortex, we found a similar trend of decreased abundance of tenascin-R with onset of 349 
training in the cellular fraction. In the soluble fraction, we observed a transient increase of TNR 350 
exclusively in the retrieval group, that was absent in low-performing animals and decreased again 351 
during long-term recall, as observed with brevican. However, with our approach and sampling size 352 
TNR did not change significantly in any of the training groups. In the cellular fraction we found a non-353 
significant tendency towards a decrease in TNR abundance in all initial training sessions (Figure 4A 354 
and C). In the hippocampus a comparable trend of decreased TNR abundance without significance 355 
was found for both, pellet and supernatant TNR (Figure 4B and D; Table 1C-E).  356 

The described alterations of brevican levels during training are most likely explained by the individual 357 
association learning performance of an animal. In order to exclude that other aspects of the training 358 
procedure, as for instance the amount of foot shocks or relief of aversive reinforcement, impact on 359 
ECM regulation, we tested auditory cortex tissue in a control group with unpaired tone and foot 360 
shock presentation (see Materials and Methods). In this group we neither observed an upregulation 361 
of full-length brevican in the supernatant fraction, nor a downregulation of the cleaved fragment in 362 
the pellet fraction (Figure 5B). 363 

To further relate the observed regulation of brevican and tenascin-R to learning-derived alterations, 364 
rather than states of arousal or stress, changes of protein abundance were correlated with 365 
behavioral parameters. As the observed regulation of brevican and TNR was found to be transient 366 
during initial learning and recovered during long-term recall, we excluded data from the LTR group 367 
for correlation analysis. Full-length brevican in the soluble fraction positively correlated with the 368 
performance of an animal measured by the d’ of its last session (Figure 6A; corr: 0.378; p=0.036). 369 
Reaction times generally decrease with practice and performance (Logan, 1992). Correspondingly, a 370 
negative correlation was observed between reaction time and 145 kDa BCN (Figure 6B; corr: -0.37; 371 
p=0.041). In contrast, 145 kDa BCN levels did neither correlate with the absolute number of shocks 372 
received over the training procedure nor with the relative ratio of inter-trial shuttles, both indicative 373 
of the level of arousal of an animal (Nienhuis and Olds, 1978; Figure 6C-D). We did not observe any 374 
other significant correlation with either learning-related or stress/arousal-related parameters with 375 
any other brevican or tenascin-R measure (p>0.05; data not shown). Tenascin-R from the 376 
supernatant, but not the pellet fraction again showed a trend of positive correlation with the mean 377 
d’ of the last session (Figure 6E). In agreement with the close correlation with the soluble 145 kDa 378 
BCN, we found a strong correlation between the abundance of both extracellular proteins (Figure 379 
6F).  380 

Hence, cortex-dependent auditory learning yielded a performance-dependent transient upregulation 381 
of full-length brevican during the consolidation phase. This regulation of brevican was region-specific 382 
for the auditory cortex. Full-length TNR showed a comparable, but less prominent upregulation after 383 
successful learning. In addition, associative training led to a general downregulation of cleaved BCN 384 
in the auditory cortex and the hippocampus independent of individual performance, which was 385 
absent in the control group presented with unpaired tones and foot shocks (cf. Figure 5).  386 
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 387 

Downregulation of full-length proteins is specific for brevican in auditory cortex 388 

In a next step, we estimated the total change of ECM-associated brevican and tenascin-R within 389 
auditory cortex and hippocampus by summing up the abundance of proteins from the soluble and 390 
pellet fraction in each training group (Figure 7A-B). The total amount of 55 kDa brevican showed a 391 
highly significant reduction in all training groups before the long-term retention interval in both, the 392 
auditory cortex and the hippocampus. Levels of cleaved brevican recovered during long-term recall 393 
(Table 1F). Full-length brevican was only significantly modulated in the auditory cortex, but not the 394 
hippocampus. During early avoidance learning levels of full-length brevican were significantly lower 395 
compared to the naïve and LTR group. Also low-performing animals showed significantly less 396 
abundance of 145 kDa brevican compared to these groups (Table 1F). During successful acquisition 397 
and retrieval, the total amount of full-length brevican was restored. However, restoration of brevican 398 
was not observed in animals that failed to learn the task, suggesting a performance-dependent 399 
regulation. In animals that were tested for long-term retrieval, brevican levels recovered back to 400 
basal levels (Figure 7A, middle). In the hippocampus, total amounts of full-length brevican remained 401 
largely unaffected. TNR showed only minimal reduction in the hippocampus that was most 402 
prominent during long-term recall (Table 1G). Total amount of tenascin-R in the auditory cortex did 403 
not show the learning-related modulation as described for brevican.  404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 

 422 
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 424 

 425 

 426 

 427 

 428 

Discussion 429 

 430 

We demonstrate a performance-dependent regulation of the ECM-protein brevican in the sensory 431 
cortex during auditory learning and memory recall. Total amounts of full-length brevican and its 55 432 
kDa proteolytic fragment were decreased during initial training in the auditory cortex and 433 
hippocampus. Successful learning yielded a transient upregulation of full-length brevican specifically 434 
in the auditory cortex during consolidation not observed in animals that failed in discrimination. 435 
Tenascin-R, a binding partner of brevican, showed comparable, but less pronounced effects. During 436 
remote recall brevican levels did not differ from naïve animals. Together, this indicates a bimodal and 437 
complementary regulation of brevican during learning in a region-specific manner. The initial and 438 
experience-dependent downregulation of ECM proteins may provide a general state of elevated 439 
plasticity. Subsequently, learning-induced transient upregulation of full-length brevican specifically in 440 
auditory cortex during retrieval is necessary for successful consolidation of recently learned 441 
memories (see Figure 8).  442 

 443 

Separation of “loose” ECM components from PNN-based and membrane-bound ECM 444 

The three forms of the hyaluronic-acid based ECM in the mature brain differ in their solubility (Celio 445 
et al., 1998; Deepa et al., 2006; Hedstrom et al., 2007; Sorg et al., 2016). Chondroitinase ABC extracts 446 
the “loose” ECM into the supernatant while the PNN- and membrane-bound ECM remains in the 447 
cellular pellet fraction (Deepa et al., 2006; Frischknecht et al., 2009; Saroja et al., 2014 ). Brevican, in 448 
particular, is not only present within the PNNs, but also highly abundant within the neuropil 449 
(Seidenbecher et al., 2002; Deepa et al., 2006; Ajmo et al., 2008; Valenzuela et al., 2014). Hence, 450 
changes in the soluble fraction can be assigned to the “loose” non-PNN ECM within the neuropil of 451 
the cortex, while changes in the pellet fraction reflect regulation of the cell-bound ECM and PNNs. 452 
Extracellular full-length brevican was upregulated exclusively in the retrieval phase but not in any 453 
other group (Figure 3C; Table 1D). This suggests a learning-induced and transient upregulation of 454 
brevican within the neuropil. Hence, brevican regulation within the neuropil varies compared to 455 
PNN/cell surface brevican, which demonstrates a differential ECM remodeling during learning 456 
dependent on learning stage, brain region, and cellular compartment.  457 

 458 

Differential regulation of cleaved and full-length brevican in auditory cortex 459 

Brevican crosslinks ECM components by binding hyaluronic acid via its N-terminal domain and other 460 
ECM molecules via the C-terminus, as for instance tenascin-R (Frischknecht and Seidenbecher, 2012). 461 
Cleavage of full-length brevican by proteases of the ADAMTS family, namely ADAMTS-4 and 462 
ADAMTS-5 (Tortorella et al., 1999, 2001; Nakamura et al., 2000), yields an N-terminal fragment of 463 
approximately 55 kDa and separates the two functional domains (Frischknecht and Seidenbecher, 464 
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2012). Therefore, cleavage loosens the structure and density of the ECM while the full-length protein 465 
stabilizes the ECM and increases its density. Previous data would suggest to find increased 466 
proteolytic cleavage during learning since extracellular proteolysis has been shown to support 467 
synaptic as well as structural plasticity (Dityatev et al., 2010). However, the 55 kDa proteolytic 468 
fragment of brevican was less abundant in trained animals compared to naïve controls irrespective of 469 
the brain region (Figure 3C-D). Our results therefore suggest that the proteolytic fragment is 470 
specifically degraded soon after training Thus, cleavage is most likely the initial step in brevican 471 
degradation resulting in its net downregulation. Post-training sample collection (>24h after initial 472 
training) may miss the immediate increase of the brevican fragment in vivo due to proteolytic 473 
cleavage. Most studies describing increased abundance of proteolytic fragments of ECM proteins 474 
were performed in in vitro acutely after strong synaptic stimulation. For instance levels of proteolytic 475 
fragments of agrin were elevated after chemical LTP for only 15-20 min suggesting its fast removal 476 
(Matsumoto-Miyai et al., 2009). These proteolytic fragments have signaling functions and can 477 
promote the formation of dendritic protrusions. Fast removal of the fragment guarantees local and 478 
temporally limited signaling. However, whether a similar mechanism applies to the proteolytic 479 
fragment of brevican is a hypothesis that needs further investigation 480 

Controversial findings about learning-induced brevican regulation came from studies investigating 481 
spatial training in a Morris water maze. A recent study described downregulation during learning and 482 
recovery to basal levels after accomplishment (Favuzzi et al., 2017) in agreement with the 483 
downregulation of total proteolytic fragment and full-length protein, which recovered during remote 484 
recall in our study (Figure 7). In contrast, Saroja et al. (2014) found increased levels of hippocampal 485 
brevican and versican in the membrane fraction during memory recall. In agreement, we showed a 486 
transient and performance-dependent upregulation in soluble full-length brevican during the 487 
consolidation phase (Figure 3C). While Saroja et al. used a similar chondroitinase ABC-based ECM 488 
extraction method, Favuzzi et al. (2017) analyzed cell lysates, which correlates best with our PNN-489 
enriched and cell-bound cellular fraction. Thus, taking into account the different extraction methods, 490 
both studies are in line with our findings. Downregulation of ECM proteins may be a general 491 
mechanism during task experience and engagement dependent on neither individual performance 492 
nor learning-related brain region. In contrast, the transient upregulation of full-length brevican was 493 
limited exclusively to the retrieval phase and restricted to the task-specific region within our cortex-494 
dependent auditory paradigm. Elevated full-length brevican may support the consolidation process 495 
by restoring density and inhibitory properties of the ECM after the acquisition of the learned 496 
memory. Long-term retrieval did not induce regulation of brevican or tenascin-R, indicating different 497 
cellular mechanisms or activity levels within the auditory cortex during initial learning compared to 498 
remote recall. Also, parameters not related to learning, but arousal did not reveal any regulation of 499 
ECM proteins in auditory cortex (Figures 5 and 6).  500 

 501 

Learning and memory consolidation require reversed regulation of the ECM 502 

A recent report showed that brevican mRNA levels are upregulated within the auditory cortex during 503 
auditory fear conditioning, which is necessary for the expression of fear memory (Banerjee et al., 504 
2017). In line with this, the region-specific and transient upregulation of brevican in our study may 505 
stabilize learning-induced neuronal networks and thus contribute to consolidation and memory 506 
formation. Our data now demonstrates that the time course of those processes differs between 507 
more demanding, cortex-dependent discrimination learning compared to Pavlovian fear conditioning 508 
(Banerjee et al., 2017). Correspondingly, we found a dynamic and success-dependent regulation of 509 
brevican over the course of 10 training days, and not only over several hours. Regulation of brevican 510 
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protein can be achieved on different levels. Successful association learning may lead to decreased 511 
cleavage and subsequent degradation of brevican. Alternatively, learning may trigger brevican 512 
production and secretion leading to recovery of the extracellular full-length protein pools, while 513 
brevican processing may remain unaltered. The latter is supported by both our findings of higher 514 
amounts of full-length brevican in the soluble fraction exclusively during the consolidation phase and 515 
by recent findings of elevated brevican mRNA levels after fear conditioning (Banerjee et al., 2017). 516 
This upregulation was only transient. Neither low performing animals nor animals during long-term 517 
recall showed differences in any of the brevican measures (Figures 3 and 6). Together, our results 518 
therefore indicate that the immediate increase in brevican cleavage during early training may 519 
promote learning-dependent plasticity. Secondly, successful learning led to the production and 520 
secretion of de novo synthesized brevican. This reconstitution restores the downregulated ECM 521 
during consolidation in the service of protecting the recently established memory over a transient 522 
period of time. Most importantly, only subjects that have learned the discrimination task showed 523 
such bimodal regulation of a more flexible or rigid ECM state during learning and memory 524 
consolidation, respectively (see Figure 8).  525 

Although transcripts for soluble and membrane-bound brevican have been related to glial cells and 526 
PV interneurons, respectively (Favuzzi et al., 2017), the cellular origin of the bimodal regulation is still 527 
elusive. Nevertheless, dopamine released in auditory cortex during acquisition learning (cf. Happel, 528 
2016) may regulate PV cells during learning and memory formation (Karunakaran et al., 2016). 529 
Further, ECM removal promotes short-term dependent plasticity due to increased AMPA-receptor 530 
motility (Heine et al., 2008; Frischknecht et al., 2009). Both mechanisms may interact during states of 531 
downregulated ECM to tune labile synaptic contacts during early learning (Hofer and Bonhoeffer, 532 
2010; Mongillo et al., 2017). In order to protect recently established memories, a compensatory 533 
transient upregulation of the ECM would limit the permissive impact on plasticity. Our data further 534 
shows that such protection is restricted to the consolidation of recent, not of remote memories, as 535 
protein levels are back to naïve levels during long-term recall. In this line, enzymatic degradation of 536 
the ECM has only subtle effects on several forms of initial learning (Paylor et a., 2018), but interferes 537 
with the extinction or reversal of recently established memories (Gogolla et al., 2008, Happel et al., 538 
2014). The complex molecular orchestra of cellular and extracellular signals may hence first promote 539 
plastic reorganizations and subsequently support their learning-dependent fixation (Donato et al., 540 
2013,  Kamigaki and Dan, 2017; Ognjanovski et al., 2017). Together, we revealed a temporal and 541 
region-specific bimodal regulation of brevican promoting acquisition of learning and remote memory 542 
resistance via supported consolidation (see Figure 8). 543 

 544 
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 554 

 555 

 556 

 557 

 558 

Figure Captions  559 
 560 
 561 
Figure 1. Cortex-dependent auditory learning in mice trained in a shuttle-box paradigm. (A) Left, 562 
Animals are trained in a two-compartmental shuttle-box. Right, Mean conditioned responses (CR) 563 
are measured for Go- (red) and NoGo-trials (blue) and termed hits and false alarms, respectively 564 
(Happel et al., 2015). Dashed black line indicates mean inter-trial shuttles (ITS). Subjects pass through 565 
consecutive learning stages of early avoidance (AV), acquisition (AQ) and the retrieval (RT) of the 566 
learned contingencies. After four weeks of retention interval, we tested their long-term retrieval 567 
performance (LTR). All groups contain a number of n=8. Out of all trained animals, 7 subjects did not 568 
yield a significant discrimination (low-performers; LP). *Asterisks mark significant differences 569 
between hits and false alarms revealed by paired Student’s t-test (p<0.05). (B) Left, Based on signal 570 
detection theory, discrimination performance was measured as d’ per training day. Right, 571 
Corresponding d’ learning curve based on CR-rates shown in (A). (C) Response latencies during CS+ 572 
trials are plotted for individual trials over all training sessions. Black crosses represent median 573 
(horizontal) and standard deviation of escape latencies >6s within a session. Escape latencies 574 
decreased below a range of 1 s after US onset after individual increase of the foot shock. Response 575 
latencies below 6 seconds correspond to successful hit responses. Histograms (right inset) of 576 
response latencies show a bimodal distribution corresponding to hit responses (<6 s) and escape 577 
responses (6-8 s).  578 
 579 
 580 
Figure 2. Learning curves (LC) of animals trained to reach distinct learning stages for subsequent 581 
Western blot analysis. (A) Top, Conditioned response (CR) curves (mean ± SEM) of adult male 582 
C57Bl6/N mice (n=39; n=8 in each group, LP = 7) in a Go/NoGo shuttle-box-paradigm during FM-583 
discrimination (4kHz-8kHz vs. 8kHz-4kHz). Relative hit rate (red) is plotted against relative false alarm 584 
rate (blue) across training days (1 session per day/60 trials). Middle, Sensitivity index d’ (mean ± SEM) 585 
was used to define distinct learning stages from avoidance, acquisition, retrieval, and a group of low-586 
performing animals. Another set that reached the retrieval-stage was trained for another 5 days after 587 
a retention interval of 4 weeks to test their long-term recall performance. Bottom, averaged number 588 
of sessions of each group to reach the respective learning stages (mean ± SEM) did not show 589 
significant differences across groups (Table 1A). Corresponding dotted lines in upper panels indicate 590 
learning stage transitions. *paired Student’s t-test, p<0.05. Abbreviations for training stages will be 591 
used in following figures. (B) Group comparison of mean d’ of last sessions across trained animal 592 
groups revealed significantly different performance levels between the AV and LP groups compared 593 
against AQ, RT and LTR (Kruskal-Wallis; p<0.001). (C) Mean reaction times across all groups revealed 594 
significantly longest reaction times in low performing animals (Kruskal-Wallis; p=0.012). (D) Absolute 595 
number of shocks received over the training paradigm significantly increased with number of trained 596 
sessions and low performance (Kruskal-Wallis; p<0.001). All indicated bars are based on Bonferroni-597 
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corrected significance levels. Box plots represent median (bar) and interquartile range, and whiskers 598 
represent full range of data. 599 
 600 
 601 
Figure 3. Semi-quantitative Western blot analysis of learning-induced changes of brevican (BCN) 602 
levels in auditory cortex and hippocampus. (A,B) Top, Representative Western blot example treated 603 
with mouse anti-brevican antibody directed against the N-terminus detected the full-length brevican 604 
of 145 kDa and the 55 kDa N-terminal fragment within the cellular and the ECM fraction in auditory 605 
cortex (A) and hippocampus (B). The two lanes for each group correspond to the same sample, as 606 
probes were loaded twice. Quantification of signal intensity of brevican (55 kDa, 145 kDa) in the 607 
extracellular fraction (top) and cellular fraction (bottom). (C) Across training groups, full-length 608 
brevican showed an extracellular increase exclusively in the RT group (bottom left). The 55 kDa 609 
proteolytic fragment otherwise showed a general decrease, with significant difference in low-610 
performers. In the cellular fraction, full-length proteins showed no significant changes across all 611 
training groups, while the 55 kDa brevican showed consistently significantly lower levels in all 612 
training groups except of the long-term recall group. (D) In hippocampus, significant reduction was 613 
only found in the pellet fraction of the 55 kDa brevican fragment in all training groups. Other protein 614 
levels in hippocampus did not show significant changes. *indicate significant One-way ANOVA and 615 
Posthoc Tukey tests of multiple comparisons between groups (Table 1B-D). Box plots represent 616 
median (bar) and interquartile range, and bars represent full range of data. Asterisk within bar 617 
represents mean value.  618 
 619 
 620 
Figure 4. Semi-quantitative Western blot analysis of learning-induced changes of tenascin-R levels 621 
in auditory cortex and hippocampus. (A,B) Top, Representative Western blot example treated with 622 
antibody against tenascin-R in auditory cortex (A) and hippocampus (B). The two lanes for each group 623 
correspond to the same sample, as probes were loaded twice. Quantification of signal intensity of 624 
TNR in the extracellular fraction (top) and cellular fraction (bottom). (C) Consistently with brevican, 625 
TNR also showed an extracellular increase exclusively in the RT group, but without significant 626 
difference to the naïve group (left). In the cellular fraction of auditory cortex (C, right) and 627 
hippocampus (D, right) TNR showed no significant changes across all training groups. The 628 
supernatant fraction of TNR in hippocampus did also showed non-significant trends towards a 629 
reduction across training groups (D, left). *indicate significant One-way ANOVA and Posthoc Tukey 630 
tests of multiple comparisons between groups (Table 1C-E). Box plots represent median (bar) and 631 
interquartile range, and bars represent full range of data. Asterisk within bar represents mean value. 632 
 633 
 634 
Figure 5. Unpaired tone and foot shock presentation did not change brevican levels in auditory 635 
cortex. (A) In the control group (n=4), we presented the same amount of foot shocks and frequency 636 
modulated sounds as in the retrieval group (avg. number of 180 foot shocks / animal). In order to 637 
mimic the relief of arousal in the later phase of training due to increase in performance, we 638 
presented foot shocks in the control group only within the first 6 sessions. Correspondingly, 639 
spontaneous compartment changes (escape shuttlings are subtracted), as a measure of arousal 640 
(Nienhuis and Olds, 1978), were high during the first 6 sessions, where animals received foot shocks 641 
(>1.0/minute). Dropped shuttling rates in the last 4 sessions indicate relief of the stress induced by 642 
the unpredictable foot shock presentation. (B) Quantification of Western blot signal intensity of 145 643 
kDa brevican, 55 kDa brevican and TNR in the cellular (top) and extracellular fraction (bottom) of 644 
control animals. We did not observe any significant regulation of brevican or tenascin-R measures in 645 
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the pseudo-trained control group. Box plots represent median (bar) and interquartile range, and bars 646 
represent full range of data. Asterisk within bar represents mean value. 647 
 648 

 649 
Figure 6. Correlation analysis of behavioral parameters and biochemical modulation of the 145 kDa 650 
brevican fragment in the supernatant fraction. Data was taken from training groups AV, AQ, RT and 651 
LP. (A) Relative abundance of 145 kDa brevican in the supernatant fraction was positively correlated 652 
with the d’ value in the last training session indicating its performance dependent upregulation. (B) 653 
The corresponding correlation between 145 kDa brevican and reaction times was significantly 654 
negative. In contrast, no significant correlation was found between supernatant 145 kDa brevican 655 
and absolute number of shocks (C) or the ratio of relative inter-trial shuttles (D). (E) Relative 656 
abundance of TNR in the supernatant fraction showed a trend of a positive correlation with the d’ 657 
value in the last training session (p=0.054). Hence, this trend is in line with the performance-658 
dependent upregulation of 145 BCN in (A). (F) Furthermore, Pearson correlation of the both full-659 
length proteins TNR and 145 kDa brevican in the supernatant fraction were highly correlated. This 660 
implies a close interaction of the two ECM full-length proteins in the supernatant fraction and their 661 
differential regulation in the “loose” and cell-bound/PNN-associated ECM.  662 
 663 
 664 
Figure 7. Changes of total levels of brevican and tenascin-R in the auditory cortex and hippocampus 665 
along learning stages. (A) Total amount of the 55 kDa brevican (BCN; left), full-length brevican 666 
(middle) and tenascin-R (right) in auditory cortex measured as the sum of both supernatant and 667 
pellet fractions. While total TNR showed no significant reduction in the auditory cortex, cleaved 668 
brevican showed a significant reduction across all training stages and recovered during long-term 669 
recall. Full-length brevican was also significantly reduced during early avoidance learning and also 670 
within the group of low-performing animals. (B) Total amount of the 55 kDa brevican (left), full-671 
length brevican (middle) and tenascin-R (right) in hippocampus showed only generally reduced levels 672 
of the 55 kDa brevican fragment independent of learning stage. For details see Materials and 673 
Methods. *indicate significant One-way ANOVA and Posthoc Tukey tests of multiple comparisons 674 
between groups (Table 1F-G). Box plots represent median (bar) and interquartile range, and bars 675 
represent full range of data. Asterisk within bar represents mean value. 676 
 677 
 678 
Figure 8. Learning-dependent regulation of brevican in auditory cortex. During acquisition of 679 
learning an initial downregulation of brevican in both, the cellular and “loose” ECM fraction (bottom) 680 
is permissive for learning-dependent synaptic remodeling (top). The cellular ECM here refers to the 681 
cell-bound and PNN-associated forms of the ECM, as extracted in the cellular fraction (pellet) of 682 
auditory cortex samples (Deepa et al., 2006). Here, new synaptic contacts are established during 683 
acquisition learning. Note that such downregulation was not present in the non-associative control 684 
group (Figure 5), and hence, the downregulation is specific for early associative training. During 685 
consolidation of recent memories, a transient upregulation of the supernatant 145 kDa full-length 686 
brevican (bottom) is obstructive for further structural plasticity. During this retrieval phase (RT), 687 
recent memories are resistant against remodeling (see Happel et al., 2014). This transient protection 688 
of recently acquired memories might be fundamental for their remote recall, as this was not found in 689 
low performing animals (LP). During long-term recall (LTR), levels of both brevican fragments 690 
returned to baseline, as no new (re-)learning is initiated. AV – avoidance.  691 
 692 
 693 
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Table 1. Statistical analysis of behavioral and biochemistry data of animals  1 
All tests were based on significance level of α*=0.05, for ANOVA Posthoc analysis Tukey's tests of multiple 2 
comparisons was used. Corresponding Figures for tests are indicated.  3 
FACTOR F-value p-value 
 
A First stage transition between trained groups of animals (one-way-ANOVA; α*=0.05) – Figure 2A 
1. AV-session F(4,31) = 2.323 p = 0.0768 
1. AQ-session F(2,21) = 1.832 p = 0.1847 
1. RT-Session unpaired Student’s t-test p = 0.2761 
   
B Quantification absolute values of brevican ECM-fraction (one-way-ANOVA; α*=0.05) – Figure 3C-D 
145 kDa brevican ACx F(5,41) = 3.342 p = 0.0127 
55 kDa brevican ACx F(5,41) = 3.434 p = 0.0111 
145 kDa brevican CA F(5,41) = 0.3497 p = 0.8795 
55 kDa brevican CA F(5,41) = 1.062 p = 0.3954 
   
C Quantification absolute values of tenascin-R ECM-fraction (one-way-ANOVA; α*=0.05) – Figure 4C-D 
Full length tenascin-R ACx F(5,41) = 2.085 p = 0.0868 
Full length tenascin-R CA F(5,41) = 1.818 p = 0.1306 

   
D Quantification absolute values of brevican cellular fraction (one-way-ANOVA; α*=0.05) – Figure 3C-D 
145 kDa brevican ACx F(5,41) = 1.758 p = 0.1433 
55 kDa brevican ACx F(5,41) = 15.79 p < 0.0001 
145 kDa brevican CA F(5,41) = 1.19 p = 0.3309 
55 kDa brevican CA F(5,41) = 5.221 p = 0.0008 
   
E Quantification absolute values of tenascin-R cellular fraction (one-way-ANOVA; α*=0.05) – Figure 4C-D 
Full length tenascin-R ACx F(5,41) = 1.668 p = 0,1640 
Full length tenascin-R CA F(5,41) = 1.422 p = 0.2367 
 
F Quantification total levels of brevican (one-way-ANOVA; α*=0.05) – Figure 7A-B 
Sum of 55kDa brevican ACx F(5,41) = 14.6 p < 0.0001 
Sum of 145kDa brevican ACx F(5,41) = 5.567 p = 0.0005 
Sum of 55kDa brevican CA F(5,41) = 6.377 p = 0.0002 
Sum of 145kDa brevican CA F(5,41) = 1.632 p = 0.1733 
 
G Quantification total levels of tenascin-R (one-way-ANOVA; α*=0.05) – Figure 7A-B 
Sum of full length tenascin-R ACx F(5,41) = 2.025 p = 0.0952 
Sum of full length tenascin-R CA F(5,41) = 3.773 p = 0.0067 
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