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Abstract  52 

Huntington disease (HD) is a neurodegenerative disease caused by a CAG trinucleotide repeat 53 

expansion in the huntingtin (HTT) gene. Therapeutics that lower HTT have shown preclinical 54 

promise and are being evaluated in clinical trials. However, clinical assessment of brain HTT 55 

lowering presents challenges. We have reported that mutant HTT (mHTT) in the cerebrospinal 56 

fluid (CSF) of HD patients correlates with clinical measures, including disease burden as well as 57 

motor and cognitive performance. We have also shown that lowering HTT in the brains of HD 58 

mice results in correlative reduction of mHTT in the CSF, prompting the use of this measure as 59 

an exploratory marker of target engagement in clinical trials. In this study, we investigate the 60 

mechanisms of mHTT clearance from the brain in adult mice of both sexes to elucidate the 61 

significance of therapy-induced CSF mHTT changes. We demonstrate that although 62 

neurodegeneration increases CSF mHTT concentrations, mHTT is also present in the CSF of 63 

mice in the absence of neurodegeneration. Importantly, we show that secretion of mHTT from 64 

cells in the CNS followed by glymphatic clearance from the extracellular space contributes to 65 

mHTT in the CSF. Furthermore, we observe secretion of wild-type HTT from healthy control 66 

neurons, suggesting that HTT secretion is a normal process occurring in the absence of 67 

pathogenesis. Overall, our data supports both passive release and active clearance of mHTT 68 

into CSF, suggesting that its treatment-induced changes may represent a combination of target 69 

engagement and preservation of neurons.   70 



 

4 
 

Significance statement  71 

Changes in cerebrospinal fluid (CSF) mutant huntingtin (mHTT) are being used as an 72 

exploratory endpoint in HTT lowering clinical trials for the treatment of Huntington disease (HD). 73 

Recently, it was demonstrated that intrathecal administration of a HTT lowering agent leads to 74 

dose-dependent reduction of CSF mHTT in HD patients. However, little is known about how 75 

HTT, an intracellular protein, reaches the extracellular space and ultimately the CSF. Our 76 

findings that HTT enters CSF by both passive release and active secretion followed by 77 

glymphatic clearance may have significant implications for interpretation of treatment-induced 78 

changes of CSF mHTT in clinical trials for HD.  79 
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Introduction  80 

Huntington disease (HD) is a fatal neurodegenerative disease caused by a polyglutamine 81 

encoding CAG repeat expansion in the HTT gene (1993). The resulting mutant huntingtin 82 

(mHTT) protein disrupts many cellular processes, ultimately leading to neurodegeneration 83 

(reviewed in Caron et al., 2018). Numerous preclinical studies have demonstrated that lowering 84 

HTT in the brain can prevent or even reverse HD-like behavioral and neuropathological 85 

phenotypes in rodent models of HD (Harper et al., 2005; Rodriguez-Lebron et al., 2005; Wang 86 

et al., 2005; Machida et al., 2006; DiFiglia et al., 2007; Franich et al., 2008; Kordasiewicz et al., 87 

2012; Stanek et al., 2013; Stanek et al., 2014; Southwell et al., 2018; Caron et al., 2020), 88 

leading to advancement of HTT lowering agents into clinical trials for the treatment of HD 89 

(NCT03761849, NCT03225833, NCT03225846, NCT04120493). Clinical translation of HTT 90 

lowering therapies has necessitated the identification of biomarkers to assess HTT target 91 

engagement in the central nervous system (CNS).  92 

We have previously developed assays to measure mHTT in the cerebrospinal fluid (CSF; 93 

Southwell et al., 2015; Wild et al., 2015) and demonstrated that lowering mHTT in the CNS of 94 

HD mice is reflected by a correlative decrease in CSF mHTT (Southwell et al., 2015). 95 

Consequently, a dose-dependent reduction of CSF mHTT following treatment with an antisense 96 

oligonucleotide (ASO) targeting HTT, provided evidence for HTT target engagement in the first 97 

human trial of a HTT lowering therapy (Tabrizi et al., 2019). We have also demonstrated that 98 

CNS cells derived from nestin-expressing neural progenitors are a major source of mHTT in the 99 

CSF (Southwell et al., 2015). However, little is known about the mechanisms by which this 100 

purported intracellular protein enters the extracellular space and ultimately the CSF. 101 

Understanding this process will be necessary for accurate interpretation of therapy-induced 102 

changes in CSF mHTT and its application as a biomarker.  103 
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Inclusion bodies of aggregated mHTT are present both intracellularly (DiFiglia et al., 1997) and 104 

in the extracellular space of post mortem HD brain tissue (Cicchetti et al., 2014). One possible 105 

mechanism of extracellular mHTT deposition is passive release from degenerating and dying 106 

cells over disease progression. This is supported by the findings that CSF mHTT concentration 107 

increases with disease stage and correlates with motor and cognitive symptom severity 108 

(Southwell et al., 2015; Wild et al., 2015) as well as CSF concentrations of tau and 109 

neurofilament light chain (NfL), which are associated with neurodegeneration (Constantinescu 110 

et al., 2009; Constantinescu et al., 2011; Wild et al., 2015; Rodrigues et al., 2016; Byrne et al., 111 

2017; Byrne et al., 2018; Johnson et al., 2018). Furthermore, we have previously shown that 112 

inducing acute brain injury in mice with quinolinic acid (QA) causes a transient increase in CSF 113 

mHTT during the period of neuron injury or death (Southwell et al., 2015). Together, these data 114 

suggest that CSF mHTT originates from passive release from dying cells.   115 

In addition to passive release, there is evidence that soluble and aggregated mHTT may be 116 

actively transferred from cells of origin through synaptic vesicle exocytosis (Pecho-Vrieseling et 117 

al., 2014; Babcock and Ganetzky, 2015), nanotubes (Costanzo et al., 2013) and extracellular 118 

vesicles/exosomes (Jeon et al., 2016; Zhang et al., 2016) into neighboring cells. However, these 119 

intercellular transfer mechanisms do not explain extracellular release. Recently it was shown 120 

that HTT can be secreted from primary neurons and mouse striatal-like cells via a late 121 

endosomal/lysosomal (LE/Lys) unconventional secretory pathway (Trajkovic et al., 2017). Active 122 

secretion, therefore, provides an alternate mechanism for extracellular release of HTT. 123 

However, an additional mechanism would then be required to move interstitial HTT into the 124 

CSF.  125 

The glymphatic system is a waste clearance mechanism that removes extracellular solutes from 126 

the brain (Iliff et al., 2012). This system relies on aquaporin-4 (AQP4) water channels localized 127 

at astrocyte perivascular endfeet to facilitate the bulk flow of CSF through the brain parenchyma 128 
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allowing clearance of interstitial fluids and solutes (Iliff et al., 2012). Therefore, extracellular 129 

mHTT may exit the brain extracellular space through glymphatic clearance.  130 

In this study, we have used multiple complementary in vitro and in vivo model systems in 131 

conjunction with inhibitors of LE/Lys-mediated secretion and glymphatic clearance to explore 132 

these active mechanisms in the clearance of HTT from the brain to the CSF. We show that 133 

although neurodegeneration leads to increased mHTT in CSF, it is also released to the CSF in 134 

the absence of neurodegeneration. We demonstrate that HTT is secreted from healthy and HTT 135 

CAG expanded neurons in vitro, and that cellular secretion contributes to CSF mHTT in the 136 

CNS of HD model mice. Finally, we show that extracellular mHTT in the CNS is cleared to the 137 

CSF by the glymphatic system. These findings may be helpful for the interpretation of clinical 138 

CSF HTT lowering data, and support a combinatorial biomarker strategy for accurate 139 

assessment of CNS HTT target engagement.   140 
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Materials and methods 141 

Animals: Experiments were performed using Hu97/18 (Southwell et al., 2013), YAC128 (Slow 142 

et al., 2003), YAC128 C6R (Gray et al., 2008) and control littermate mice of either sex. Animals 143 

were maintained under a 12 hour (hr) light:12 hr dark cycle in a clean barrier facility and given 144 

free access to food and water. Experiments were performed with the approval of the Animal 145 

Care Committee at the University of British Columbia (A16-0130, A20-0107) and Institute 146 

Animal Care and Use Committee at the University of Central Florida (17-35, 17-32, 18-13). 147 

CSF collection: Mice were anesthetized with Avertin (2,2,2-tribromoethanol, Sigma Aldrich, 148 

catalog # T48402) and secured in a stereotaxic frame (Stoelting). The ear bars were raised and 149 

the nose piece used to position the mice in a manner that would allow for a near 90° tilt of the 150 

head to access the cisterna magna. A 1cm2 section of dorsal neck skin was removed and 151 

muscle layers were completely dissected away to expose the cisterna magna, which was then 152 

cleaned and dried. A 50cc Hamilton® syringe with point style 2 with a 12o bevel was then 153 

lowered carefully into the cisterna magna ensuring the entire needle opening was inserted. CSF 154 

was slowly withdrawn at a rate of 10μL/minute (min) using an UltraMicroPump with Micro4 155 

controller (World Precision Instruments). CSF samples were collected in pre-chilled tubes, 156 

centrifuged, then flash frozen in liquid N2 prior to storage at -80oC.  157 

Tissue collection and processing: Mice allotted for terminal molecular and biochemical 158 

analysis were anesthetized using Avertin and CSF was collected into pre-chilled tubes as 159 

described above. Whole blood was then collected by cardiac puncture and placed into pre-160 

chilled EDTA-coated tubes (Sarstedt, catalog # 41.1395.105) on ice. Whole blood was then 161 

centrifuged at 4000 RCF for 10 mins at 4oC, and plasma was removed, flash frozen in liquid N2 162 

and stored at -80oC until use. Brains were removed and placed on ice for ~1 min to increase 163 

tissue rigidity. Brains were then microdissected into different regions (striatum, cortex, 164 
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hippocampus, cerebellum), flash frozen in liquid N2 and stored at −80°C until use. Peripheral 165 

tissues were also collected, flash frozen in liquid N2 and stored at −80°C until use. 166 

Mice allotted for histology were perfused transcardially with phosphate buffered saline (PBS) 167 

and 4% paraformaldehyde (PFA). Brains were removed and post-fixed in 4% PFA in PBS for 24 168 

hours (hrs) at 4°C. The following day brains were cryoprotected in 30% sucrose with 0.01% 169 

sodium azide. Once equilibrated, brains were divided into forebrain and cerebellum, and 170 

forebrains were frozen on dry ice, mounted in Tissue-TEK O.C.T. embedding compound 171 

(Sakura), and cut via cryostat (Leica CM3050S) into a series of 25 μm coronal sections free-172 

floating in PBS with 0.01% sodium azide. 173 

Lentivirus study: Lentiviruses encoding either green fluorescent protein (GFP) or mHTT exon 174 

1 with 103 glutamines (Qs) with a C-terminal GFP tag (Southwell et al., 2009) were packaged at 175 

high titer by Applied Biological Materials, Inc (Vancouver, BC). Intrastriatal lentivirus injections 176 

were performed as described previously (Southwell et al., 2009) with the following changes. 177 

Briefly, mice were anesthetized with isoflurane and secured into a stereotaxic frame. The scalp 178 

was shaved, sterilized with betaine and 70% ethanol and an incision made along the mid-line. 179 

The skull was dried to enhance visibility of sutures and landmarks. A dental drill was used to 180 

make bilateral burr holes at 0.8 mm anterior and 1.8 mm lateral to Bregma. A Hamilton syringe 181 

with a 30 gauge needle (Hamilton, Reno, NV) was loaded first with 3 μL of sterile saline and 182 

then with 2 μL of either virus diluted to 1E+06 IU/μL titer in sterile saline. The needle was 183 

lowered to 3.5 mm below the surface through the burr hole and the virus injected at 0.5 μl/min 184 

using an UltraMicroPump with Micro4 controller. The needle was left in place for 5 min and then 185 

withdrawn slowly. This process was repeated for the other hemisphere. Biofluids and perfused 186 

brains were collected at different post-injection timepoints for IP-FCM and immunohistochemical 187 

(IHC) analysis, respectively.  188 
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CAG repeat sizing: Genomic DNA was extracted and purified from mouse tail clippings using 189 

the DNeasy® Blood & Tissue Kit (Qiagen, catalog # 69504). DNA was sent to Laragen Inc. 190 

(Culver city, CA, USA) for CAG trinucleotide repeat sizing of human HTT.  191 

Intrastriatal quinolinic acid (QA) injection: Intrastriatal QA injections were performed as 192 

previously described (Southwell et al., 2015). Briefly, mice were anesthetized with 150 mg/kg 193 

Ketamine and 10 mg/kg Xylazine and secured into a stereotaxic frame. Preparation of the scalp 194 

and incision were performed as above, and unilateral burr hole was made at 0.8 mm anterior 195 

and 1.8 mm lateral to Bregma. A Hamilton syringe with a 26 gauge needle loaded with 2μL of 196 

QA at 25nM was lowered to a depth of 3.5 mm through the burr hole and the QA was injected at 197 

0.5 μL/min using a micropump. The needle was left in place for 5 min and then withdrawn 198 

slowly. 199 

Primary cell culture: Primary Hu97/18 and Hu18/18 forebrain neurons were established as 200 

previously described (Skotte et al., 2014). Briefly, embryonic brains were isolated at embryonic 201 

day 15.5-17.5 and placed into Hibernate-E medium (Gibco, catalog # A1247601) containing 0.5 202 

mM GlutaMAX (Gibco, catalog # 35050061) and 2% SM1 supplement (Stemcell Technologies, 203 

catalog # 05711) at 4oC overnight to allow time for genotyping (Skotte et al., 2014). Hu97/18 or 204 

Hu18/18 combined cortical and striatal tissues were triturated to a single cell suspension in 205 

Neurobasal Complete Medium (NBC, Neurobasal Medium (Gibco, catalog # 21103049)) 206 

containing 100U/ml Penicillin-Streptomycin (PS, Gibco, catalog # 15140163), 0.5 mM 207 

GlutaMAX, and 2% SM1 supplement and seeded in poly-D-lysine (Sigma, catalog # P7886) 208 

coated 24-well plates at a density of 2.5x105 cells per well. Cells were fed 1/10th well volume of 209 

fresh NBC every 3 to 4 days until the 7th day in vitro (DIV).  210 

Primary Hu97/18 and Hu18/18 forebrain astrocytes were cultured as previously described 211 

(Ehrnhoefer et al., 2018a). Briefly, postnatal day 0-1 pups were anesthetized by hypothermia 212 

and brains were placed into Hibernate-E during genotyping as above. Hu97/18 or Hu18/18 213 
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combined cortical and striatal tissue was triturated to a single cell suspension in DMEM high 214 

glucose (Gibco, catalog # 11965092) containing 10% fetal bovine serum, 100U/ml PS, and 0.5 215 

mM GlutaMax and seeded in a T75 flask. Media was changed 24 hrs later with remaining media 216 

exchanges occurring every 7 days. Once 90% confluence was reached, astrocyte cultures were 217 

purified by removing the loosely adherent top cell layers consisting mostly of oligodendrocytes 218 

and microglia. Cell morphology was observed to ensure that astrocytes were intact and free of 219 

contaminating cells prior to media aspiration and a wash with cold PBS. Astrocytes were then 220 

passaged and grown to 90-95% confluence. Astrocytes were then triturated to a single cell 221 

suspension in complete DMEM media and seeded in poly-D-lysine coated 10cm dishes at a 222 

density of 1x106 cells per plate. Media was changed 24 hrs later with remaining media 223 

exchanges occurring every 7 days until 100% confluence was reached.   224 

In vitro secretion studies: DIV 7 neurons and mature confluent astrocytes were used for 225 

secretion experiments. A full media change was performed to remove any proteins secreted 226 

during the culture period, and cells were treated with either DMSO, 5μM GW4869 or 100μM 227 

PDDC in growth media. After 16 hrs of treatment, media was collected and centrifuged to 228 

eliminate cell debris then concentrated through an ultracentrifugation column with a 10KDa 229 

weight cutoff (Amicon Ultra-0.5 Centrifugal Filter Unit, Millipore, catalog # UFC501096) for 20 230 

mins at 14,000 RCF. Additionally, for astrocyte cultures, HTT was immunoprecipitated from 231 

culture media using HDB4E10 anti-HTT antibody (Biorad, catalog # MCA2050) bound to 232 

magnetic protein G Dynabeads (Invitrogen, catalog # 10004D). Cells were collected by scraping 233 

in cold PBS and pelleted by centrifugation for 5 mins at 650 RCF. Cell pellets and concentrated 234 

or immunoprecipitated media were then analyzed by Western blotting as described below. 235 

In vivo secretion studies: Mice received daily intraperitoneal injections of 10mg/kg phenyl(R)-236 

(1-(3-(3,4-dimethoxyphenyl)-2,6-dimethylimidazo[1,2-b]pyridazin-8-yl)pyrrolidin-3-yl)-carbamate 237 

(PDDC, generous gift from Drs. Barbara Slusher and Camillo Rojas) dissolved 5% w/v in DMSO 238 
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(Sigma-Aldrich, catalog # D2650) and diluted in saline for five consecutive days. For the study 239 

of secretion in neurotoxic conditions, animals received instrastriatal QA or PBS injections as 240 

described above after 2 days of treatment. CSF, plasma, and forebrain hemispheres were 241 

collected as above 6 hrs post-injection on the final treatment day.  242 

Purification of recombinant HTT proteins: Full-length HTT cDNAs were cloned into 243 

pFastBac1 vector (Gibco, catalog # 10360014) containing an N-terminal FLAG tag followed by a 244 

TEV protease site and His tag. Recombinant full length HTT proteins (Q2, Q23, Q43, Q67, and 245 

Q78) were expressed in Sf9 cells using a Baculovirus protein expression system (Invitrogen, 246 

Carlsbad, CA). Cell pellets were resuspended in Buffer A (50mM Tris-HCl pH 8.0, 100mM NaCl, 247 

protease inhibitor cocktail (Roche, catalog # 11697498001), 5% glycerol) and lysed by repeated 248 

freeze-thaw cycles. The cell lysate was cleared by centrifugation at 39,000xg for 2hrs. The 249 

supernatant was incubated with M2 anti-FLAG beads (Sigma-Aldrich, St. Louis, MO) and non-250 

specifically bound proteins were removed by washing with Buffer A. HTT proteins were then 251 

eluted with Buffer A containing 0.4mg/ml FLAG peptide. The N-terminal FLAG tag was then 252 

removed with TEV protease in Buffer B (150mM NaCl, 50mM Tris-HCl pH8.0, 5% Glycerol, 253 

20mM Imidazole, 1mM DTT and 0.5mM EDTA) for 16hrs at 4oC. HTT proteins were further 254 

purified by Superdex200 26/60 columns (GE Healthcare) in a running buffer (150mM NaCl, 255 

20mM HEPES-HCl pH7.5). Protein integrity and Q-length was validated by PAGE separation 256 

and Coomassie staining prior to use.  257 

Recombinant huntingtin injections: For intrastriatal injections, mice were anesthetized with 258 

isoflurane and secured into a stereotaxic frame. Preparation of the scalp and incision were 259 

performed as above, and a unilateral burr hole was made at 0.8 mm anterior and 1.8 mm lateral 260 

to Bregma. A Hamilton syringe with a 30 gauge needle was loaded with 500 ng of recombinant 261 

full-length mHTT Q67 (Seong et al., 2010) diluted to a total volume of 1 μL in sterile phosphate 262 

buffered saline (PBS). The needle was lowered to 3.5 mm below the surface through the burr 263 
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hole and the protein was injected at 0.2 μL/min. The needle was left in place for 5 mins after 264 

injection and then withdrawn slowly. For intracerebroventricular injections, 500ng of 265 

recombinant full length mHTT Q67 (Seong et al., 2010) was diluted to a total volume of 10 μl in 266 

sterile PBS and administered as in (Southwell et al., 2014). Briefly, mice were anesthetized with 267 

isoflurane and secured into a stereotaxic frame. Preparation of the scalp and incision were 268 

performed as above. A Hamilton syringe with 26 gauge needle loaded with mHTT was used to 269 

punch through the skull at 0.3 mm anterior and 1 mm lateral to Bregma and lowered to 3 mm 270 

below the surface. The HTT was injected over 10s and the needle left in place for 2 min prior to 271 

slow withdrawal. For intravenous injections, animals were restrained in a mouse tail illuminator 272 

(Bioseb, catalog # MTI). The tail was sterilized with 70% ethanol and allowed to warm for 2 mins 273 

on the illuminator to highlight the tail vein. An insulin syringe with a 31 gauge needle (BD, 274 

catalog # 320440) was loaded with 500ng of recombinant full length mHTT Q67 diluted to a total 275 

volume of 100 μL in sterile PBS and injected into the tail vein as a bolus.  276 

Immunohistochemistry: For evaluation of lentivirus distribution and neuron loss, a series of 277 

sections spaced 200μm apart and spanning the striatum were co-stained with rabbit anti-GFP 278 

antibody (1:1000. Invitrogen, catalog # A-11122) and mouse anti-NeuN (1:1000. Millipore, 279 

catalog # MAB377). Primary antibodies were detected with goat anti-rabbit Alexa Fluor 488 280 

(1:500, Invitrogen, catalog # A-11008) and goat anti-mouse Alexa Fluor 568 (1:500, Invitrogen, 281 

Catalog # A-11004) secondary antibodies. Sections were then mounted using ProLong Gold 282 

Antifade mountant with DAPI (Thermo Fisher, catalog # P36931) and imaged with either 5x or 283 

40x objectives (Zeiss) using a Zeiss Axioplan 2 microscope, Coolsnap HQ Digital CCD camera 284 

(Photometrics, Tucson, AZ, USA) and MetaMorph software (Molecular Devices).  285 

For detection of degenerating neurons after QA treatment, Fluoro-Jade C (Biosensis, catalog # 286 

TR-100-FJ) staining was performed according the manufacturer’s protocol. Sections were 287 
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mounted using ProLong Gold Antifade mountant with DAPI, and imaged with a 2.5x objective 288 

(Zeiss) using a Zeiss Axioplan 2 microscope as above. 289 

For evaluation of recombinant HTT distribution in the striatum, a series of sections spaced 290 

200μm apart and spanning the striatum were stained sequentially with mouse anti-expanded 291 

mHTT primary antibody (MW1, deposited to the University of Iowa Developmental Studies 292 

Hybridoma Bank by Patterson, P.H., catalog # MW1) and detected with goat anti-mouse Alexa 293 

Fluor 488 (1:500, Invitrogen, catalog # A32723) secondary antibody. Then sections were probed 294 

with mouse/rat anti-DARPP-32 (1:500, R&D Systems, catalog # MAB4230) and detected using 295 

goat anti-rat Alexa-fluor 568 (1:500, Invitrogen, catalog # A-11077). Sections were mounted 296 

using ProLong Gold Antifade mountant with DAPI and imaged at 2.5x using a Zeiss Axioplan 2 297 

microscope as above. 298 

Immunoblotting: Tissues and cell pellets were lysed through mechanical dissociation using a 299 

tissue homogenizer, sonicated for 3 seconds and triturated in lysis buffer (50 mM Tris pH 8.0, 300 

150 mM NaCl, 1% Igepal/NP40, 40 mM β-glycerophosphate, 10 mM NaF) containing protease 301 

inhibitors (1 mM Roche Complete mini EDTA free, 1 mM sodium orthovanadate, 1 mM 302 

phenylmethanesulfonyl fluroride, and 5μM zVAD). Samples were then incubated on ice and 303 

vortexed every 5 mins for 20 mins. Lysates were then centrifuged for 15 mins at 20,000 RCF 304 

and protein concentrations were measured by DC assay. For HTT quantification, 40 μg of total 305 

protein from lysates or 500μg of total protein from culture media were resolved on 10% low-BIS 306 

acrylamide gels (Carroll et al., 2011), transferred to 0.45 μm nitrocellulose and probed with 307 

either mouse 1CU-4C8 anti-HTT (Fisher Scientific, catalog # MAB2166) or mouse HU-2E8 anti-308 

HTT (Sigma-Aldrich, catalog # MAB2168) and rabbit anti-calnexin (Sigma, catalog # C4731) as 309 

a loading control. Primary antibodies were detected with IR dye 800CW goat anti-mouse 310 

(Rockland, catalog # 610-131-007) and AlexaFluor 680 goat anti-rabbit (Molecular Probes, 311 

catalog # A21076) labelled secondary antibodies. HTT band intensities from YAC128 and 312 
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YAC128 C6R brain lysates were normalized to the calnexin loading control and then to the 313 

mean of the same allele in YAC128 samples on the same membrane. HTT band intensities from 314 

the media of secretion inhibitor treated cells were normalized to the mean intensity from same 315 

allele of HTT in the media of vehicle treated cells on the same membrane. Recombinant FL HTT 316 

band intensities were normalized to the calnexin loading control and then to the mean of the 317 

0.5hr timepoint signal on the same membrane.For aquaporin 4 (AQP4) quantification, 100 μg of 318 

total protein was resolved on 12% BIS acrylamide gels and transferred to 0.2 μm nitrocellulose. 319 

Blots were then cut at 50KDa and the top portion was probed with rabbit anti-calnexin as a 320 

loading control and the bottom portion was probed with rabbit anti-AQP4 (Sigma-Aldrich, 321 

catalog # ABN411). Primary antibodies were detected with AlexaFluor 680 goat anti-rabbit 322 

labelled secondary antibody. For albumin, 10 μL of mouse CSF was resolved on 12% BIS 323 

acrylamide gels, transferred to 0.2 μm nitrocellulose and probed with rabbit anti-albumin 324 

(Sigma-Aldrich, catalog # SAB2100099). Primary antibody was detected with IR dye 800CW 325 

goat anti-rabbit (Rockland, catalog # 611-131-122) labelled secondary antibody. All blots were 326 

scanned using the LiCor Odyssey Infrared Imaging system.  Densitometry on band intensities 327 

was performed using the LiCor Image Studio Lite software. HTT band intensities were 328 

normalized to calnexin loading control and then to the same allele for vehicle treated cells or 329 

mice on the same membrane. AQP4 band intensities were normalized to the calnexin loading 330 

control and then to the mean of PBS treated mice on the same membrane. 331 

mHTTex1-GFP immunoprecipitation flow cytometry (IP-FCM) assay screen: An 332 

ultrasensitive IP-FCM assay for detection of mHTTex1-GFP was developed by screening 333 

mouse monoclonal MW1, rabbit polyclonal anti-GFP (Invitrogen, catalog # A-11122), and 334 

mouse monoclonal anti-GFP, GF28R (Invitrogen, catalog # MA5-15256) in all 9 possible 335 

capture/probe combinations as previously described (Southwell et al., 2015) using lysates of 336 

HEK293 cells transfected with either mHTTex1-GFP or GFP. Strength of signal and specificity 337 
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were assessed, and A11122/GF28R was selected as the best capture/probe pair for mHTTex1-338 

GFP IP-FCM. However, when compared to IP-FCM using only A-11122 capture beads for IP 339 

followed by FCM for GFP intensity, it was determined that the native fluorescence of the GFP 340 

was sufficient for quantitation when samples were collected and prepared protected from light. 341 

Thus, this method was used for experimental quantitation of mHTTex1-GFP.  342 

IP-FCM: Approximately 10,000 5μm caboxylate-modified latex beads (Invitrogen, catalog # 343 

C37255) were coupled with capture antibodies; HDB4E10 anti-HTT (Invitrogen, catalog # MA5-344 

16703) or A-11122 anti-GFP in 50 μL of NP40 lysis buffer (150 mM NaCl, 50 mM Tris pH 7.4, 345 

Halt phosphatase (Thermo Scientific, catalog # 78420) and Halt protease inhibitor cocktails 346 

(Thermo Scientific, catalog # 78429), 2 mM sodium orthovanadate, 10 mM NaF, 10 mM 347 

Iodoacetamide, and 1% NP40). Capture antibody coupled beads were then combined with 50μg 348 

brain or cell lysates in triplicate, 10 μL of CSF, or 20 μL of plasma in triplicate in a 96-well V-349 

bottom plate (Thermo Scientific, catalog # 249944), brought to a total volume of 50 μL in NP40 350 

lysis buffer, mixed well, and incubated overnight at 4oC. The next day, the plate was spun down 351 

for 1 min at 650 RCF and supernatant was removed. Beads were washed 3 times in 200 μL IP-352 

FCM wash buffer (100mM NaCl, 50mM Tris pH 7.4, 1% bovine serum albumin, 0.01% NaN3). 353 

For measurement of mHTT, expanded polyQ antibody, MW1 was biotinylated using EZ-Link 354 

Sulfo-NHS-Biotin (Thermo Scientific, catalog # 21217), and 50 μL of the diluted antibody was 355 

incubated with the HDB4E10 beads bound to mHTT for 2 hr at 4oC. Beads were washed 3 times 356 

with 200 μL of IP-FCM wash buffer. Streptavidin-PE (BD Biosciences, catalog # 554061) was 357 

prepared at 1:200 and 50 μL added to each well and incubated at room temperature protected 358 

from light for 30 min. Beads were washed 3 times with 200 μL of IP-FCM buffer, resuspended in 359 

200 μL of IP-FCM wash buffer, and fluorescence intensity of approximately 2000 beads per 360 

sample, either HDB4E10/MW1 mHTT bead complexes or A-11122 mHTTex1-GFP bead 361 

complexes were measured using an Acuri C6 flow cytometer (BD Biosciences). Median 362 
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fluorescent intensity (MFI) of PE for mHTT or GFP for mHTTex1-GFP was measured for each 363 

sample to determine target protein levels. MFI of PE in biofluids, tissue lysates and recombinant 364 

HTT was corrected for background signal and presented as either absolute MFI values or 365 

relative mHTT values.  MFI of GFP was corrected for background auto-fluorescence using CSF 366 

from naïve animals and presented as absolute MFI values. 367 

Time resolved Förster resonance energy transfer (TR-FRET): Circulating mHTT protein in 368 

the plasma was measured by TR-FRET as previously described (Weiss et al., 2009) with 369 

adaptations as in (Southwell et al., 2013). Briefly, 20 μL of plasma was mixed with 2 ng terbium 370 

cryptate (FRET donor)-labeled (Cisbio) BKP1 anti-HTT antibody and 20ng of D2 dye (FRET 371 

acceptor)-labeled MW1 anti-expanded CAG antibody, in a white 384-well plate (Corning, 372 

catalog # CLS3706). After excitation at 340 nm, FRET was measured as the ratio of 665 nm 373 

(D2)/615nm (terbium) emission. FRET signal was corrected for background signal using plasma 374 

from naïve animals and presented as relative mHTT values. 375 

NfL quantification: NfL was quantified in plasma samples using commercially available NF-376 

Light® kits on the ultrasensitive Simoa HD-1 analyzer (Quanterix, Lexington MA). Plasma 377 

samples were diluted 40-times prior to loading into the HD-1 analyzer and then analyzed in 378 

duplicate as per the manufacturer’s instructions. All samples were above the lower level of 379 

quantification (0.174 pg/mL).  380 

Antisense oligonucleotide (ASO) design and treatment: For the AQP4 ASO studies, a 381 

gapmer with a phosphorothioate-modified backbone and 4 locked nucleic acid (LNA) 382 

modifications in each wing, complementary to the mouse Aqp4 transcript (5’-383 

CAGTAACATCAGTTCGT-3’) was custom synthesized by Qiagen (formerly Exiqon). For the 384 

HTT ASO studies, a gapmer with ay phosphorothioate-modified backbone and 5 LNA 385 

modifications in each wing complementary to the human HTT transcript was used, as described 386 

in (Southwell et al., 2015). For ASO treatments, molecules were diluted to the indicated 387 
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concentration in sterile phosphate buffered saline (PBS) in a total volume of 10 μL and 388 

administered by intracerebroventricular (ICV) injection as in (Southwell et al., 2014). 389 

Experimental design and statistical analyses: All statistical analyses were performed and 390 

graphs were generated using GraphPad Prism v8 (GraphPad). All experiments involving 391 

animals included approximately the same number of male and female mice. The number of 392 

animals (biological replicates ; N) used for each experiment is reported in the figure legends.  All 393 

bar graphs (Figures 1, 2, 3, 4, 5, and 7) are presented as scatter dot plots to demonstrate data 394 

complexity and variability. Group data from averages of either multiple independent trials 395 

(Figure 3) or animals (Figure 1, 2,3 4, 5, 6, and 7) are represented as means ± standard error of 396 

the mean. Alpha values of <0.05 were considered significant for all analyses. F or t statistics 397 

and degrees of freedom as well as exact p values for each statistical test are presented in the 398 

text and corresponding figure legends.  399 

Groupwise comparisons were assessed using either the student’s t-test (2 groups) or analysis 400 

of variance (ANOVA; more than 2 groups). Post hoc analyses for ANOVA tests were performed 401 

using the Tukey test (one-way ANOVA) or the Sidak test (two-way ANOVA) to correct for 402 

multiple comparisons.  403 

Statistical analysis comparing relative GFP signal at different timepoints post-injection (1, 2, 3, 4 404 

and 6 weeks) following intrastriatal injections with either GFP or mHTTex1-GFP lentiviruses 405 

(Figure 1D) was performed by two-way ANOVA with posthoc analysis using Sidak’s multiple 406 

comparison test.  407 

Statistical analysis comparing plasma NfL levels in wild type (WT), YAC128 and YAC128 C6R 408 

genotypes (Figure 2A) was performed by one-way ANOVA with posthoc analysis using Tukey’s 409 

multiple comparison test. Comparison of relative mHTT signal (Figure 2B and C) or relative 410 

brain levels (Figure 2E) between YAC128 and YAC128 C6R genotypes was performed by 411 
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unpaired, two-tailed student’s t-test. Median fluorescence intensity signal from full length HTT 412 

proteins with increasing Q lengths (Figure 2H) was log transformed and a non-linear curve was 413 

fitted to the data. 414 

Statistical analysis comparing HTT secretion in vitro following treatment with either DMSO 415 

vehicle or neutral sphingomyelinase inhibitors were performed by either unpaired, two-tailed 416 

student’s t-test in Hu18/18 forebrain neurons (Figure 3B), or two-way ANOVA with posthoc 417 

analysis using Sidak’s multiple comparison test in Hu97/18 forebrain neurons with treatment 418 

and HTT allele as independent variables (Figure 3D and H). 419 

Statistical analysis comparing mHTT secretion in biofluids from Hu97/18 mice under basal 420 

conditions following treatment with either DMSO vehicle or PDDC was performed by unpaired, 421 

two-tailed student’s t-test (Figure 4B and C). Comparison of mHTT secretion in biofluids from 422 

Hu97/18 mice under neurotoxic conditions following treatment with either DMSO vehicle or 423 

PDDC was performed by two-way ANOVA with posthoc analysis using Sidak’s multiple 424 

comparison test with PBS/QA and vehicle/PDDC treatments as independent variables (Figure 425 

4D and E). 426 

Statistical analyses comparing mHTT clearance from the brain following intrastriatal (Figure 5 D 427 

and E) or intracerebroventricular injection (Figure 5G and H) of full length mHTT Q67 at different 428 

timepoints post-injection was performed by one-way ANOVA with posthoc analysis using 429 

Tukey’s multiple comparison test. Comparison of mHTT levels in the plasma (Figure 5J) or CSF 430 

(Figure 5K) following intravenous injection of full length mHTT Q67 at different timepoints post-431 

injection was performed by one-way ANOVA with posthoc analysis using Tukey’s multiple 432 

comparison test. 433 

Statistical analyses comparing relative mHTT signal in the brain (Figure 6A), plasma (Figure 6B) 434 

and liver (Figure 6C) following treatment of Hu97/18 mice with ascending doses of a HTT 435 
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targeted ASO was performed by log transforming ASO concentration (x-axis) data and followed 436 

by linear regression. A non-linear, curve was fitted to the data presented in the figure. Linear 437 

regression was performed to compare median fluorescence intensity signal in the brain to that in 438 

the plasma (Figure 6D).  Fitting was done to individual mHTT signal values (y-axis). 439 

Statistical analysis comparing AQP4 levels in the cortex (Figure 7B) and striatum (Figure 7D) 440 

following treatment of Hu97/18 mice with 2 doses of an AQP4 targeted ASO was performed by 441 

one-way ANOVA with posthoc analysis using Tukey’s multiple comparison test. Comparison of 442 

mHTT clearance to biofluids from Hu97/18 mice under basal conditions following treatment with 443 

either PBS vehicle or AQP4 was performed by unpaired, two-tailed student’s t-test (Figure 7F 444 

and G). Comparison of mHTT clearance to biofluids from Hu97/18 mice under neurotoxic 445 

conditions following treatment with either PBS vehicle or AQP4 ASO was performed by two-way 446 

ANOVA with posthoc analysis using Sidak’s multiple comparison test with PBS/QA and 447 

PBS/AQP4 ASO treatments as independent variables (Figure 7I and J). 448 

 449 

 450 

 451 

452 
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Results 453 

Intracellular mHTT is cleared to the CSF during induced neuronal death 454 

We first wanted to investigate the mechanism and kinetics of the clearance of mHTT of 455 

intracellular origin to the CSF. To test this, lentiviruses encoding either GFP or mHTT exon 1 456 

with 103 Qs fused to GFP (mHTTex1-GFP; Southwell et al., 2009) were administered bilaterally 457 

into the striatum of WT mice and brains as well as CSF were collected at 1, 2, 3, 4 or 6 weeks 458 

post-injection (Figure 1A). We have previously shown that intrastriatal (IS) administration of 459 

lentiviral mHTTex1-GFP results in peak transgene expression at 3-4 weeks post-injection and 460 

the formation of a lesion by 6 weeks post-injection with reactive astrocytes and dramatic neuron 461 

loss in the transduced area (Southwell et al., 2009). This is consistent with the expression 462 

timecourse observed by others using lentivirus-encoding mHTT fragments to model HD (de 463 

Almeida et al., 2002). Here we performed a time-course of mHTTex1-GFP expression up to 6 464 

weeks post-injection. We observed GFP expression at 1 week post-injection (Figure 1B) which 465 

further increased with time at 2 and 3 weeks post-injection, and was accompanied by the 466 

formation of mHTT inclusion bodies (data not shown). At 4 weeks post-injection, diffuse 467 

mHTTex1-GFP and inclusion bodies were evident throughout the striatum, and there was 468 

extensive staining for NeuN+ cells, demonstrating the presence of neurons (Figure 1B). At 6 469 

weeks post-injection, there was a reduction in diffuse mHTT exon 1, with widespread inclusion 470 

bodies and an absence of NeuN staining in transduced areas, suggesting the complete loss of 471 

neurons (Figure 1B). We observed a similar distribution and expression timecourse with the 472 

GFP control lentivirus (Figure 1C). Using a novel GFP-specific ultrasensitive IP-FCM assay, we 473 

quantified GFP median fluorescence intensity (MFI) in the CSF of GFP or mHTTex1-GFP 474 

injected animals at 1, 2, 3, 4 and 6 weeks post-injection. In GFP injected animals, GFP 475 

fluorescence signal was not detected in the CSF, suggesting that GFP is retained intracellularly 476 

and does not induce neurodegeneration in transduced cells (Figure 1D). In mHTTex1-GFP 477 
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injected animals, GFP signal in the CSF was detected from 1 week post-injection, peaking 4 478 

weeks post-injection when transgene expression is high and neurons are actively dying, and 479 

decreased to 33% of peak levels at 6 weeks post-injection, when transgene expression is still 480 

high, but neuron death is extensive (Figure 1D. Two-way ANOVA lentivirus treatment F(1, 28) = 481 

26.22, p < 0.0001; timepoint F(4, 28) = 2.555, p = 0.0608; interaction F(4, 28) = 2.653, p = 482 

0.0539. Sidak’s multiple comparison test **p = 0.0048, ***p = 0.0003). These data suggest that 483 

intracellular mHTT is cleared to the CSF during the process of neurodegeneration, but levels in 484 

the CSF are reduced after neurons have been lost. Conversely, the reduced signal observed at 485 

6 weeks could result from mHTT being in a more advanced state of aggregation, which may 486 

alter clearance of mHTT from the brain, or interfere with immunoassay quantitation of mHTT.  487 

 488 

Neurodegeneration is not required for release of mHTT into the CSF  489 

We next wanted to evaluate whether mHTT release into the CSF was abolished in the absence 490 

of neurodegeneration. To test this, we utilized the YAC128 C6R model of HD which harbours a 491 

full length (FL) human mHTT YAC transgene that is resistant to caspase-6 cleavage at residue 492 

586. These mice do not undergo progressive striatal neuron loss as is seen in the YAC128 493 

model (Slow et al., 2003; Graham et al., 2006). We first validated the lack of neurodegeneration 494 

in YAC128 C6R mice by measuring levels of NfL in the plasma of YAC128, YAC128 C6R and 495 

WT littermate controls at 12 months of age (Figure 2A). We observed a significant increase in 496 

NfL levels in the YAC128 mice compared to littermate controls, suggesting that 497 

neurodegeneration is occurring, but no difference was observed between YAC128 C6R and 498 

littermate controls, affirming the lack of overt neurodegeneration in this line (Figure 2A. One-499 

way ANOVA F(2, 25) = 5.651 p = 0.0094. Tukey’s multiple comparison test **p = 0.0075 500 

YAC128 compared to WT littermate control mice, not significant (ns) p=0.7792 WT compared to 501 

YAC128 C6R mice). In brain lysates from YAC128 and YAC128 C6R mice, we measured 502 
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similar mHTT signal in both lines using IP-FCM (Figure 2B. Unpaired t-test t(6) = 0.2799,  p = 503 

0.7890). Notably, we observed an unexpected trend towards an increase in mHTT levels in the 504 

CSF of YAC128 C6R compared to YAC128 mice by IP-FCM (Figure 2C. Unpaired t-test t(6) = 505 

2.265, p = 0.0641). Previous reports have shown that levels of mHTT measured by western blot 506 

are reduced in brain lysates from YAC128 C6R compared to YAC128 mice (Graham et al., 507 

2006; Ehrnhoefer et al., 2018b). Therefore, we quantified mHTT levels by western blot in the 508 

same brain lysates that were analyzed by IP-FCM and found a significant reduction in mHTT 509 

levels in YAC128 C6R mice compared to YAC128 mice (Figure 2D, E. Unpaired t-test t(6) = 510 

5.135, **p = 0.0021).  511 

To help elucidate this difference between the observed IP-FCM mHTT signal and western blot 512 

mHTT levels, we CAG sized the transgenes in both lines and found that YAC128 C6R mice 513 

have a longer CAG tract (Figure 2F. 138 CAG repeats = 138 Qs) than the YAC128 parent line 514 

(126 CAGs = 126 Qs). Considering the observed increase in CSF mHTT IP-FCM signal noted in 515 

the YAC128 C6R mice, we wanted to determine if our assay quantifies FL mHTT with different 516 

Q lengths in a comparable way. To investigate this, we used an allelic series of recombinant FL 517 

HTT proteins with polyQ tracts ranging from Q2 to Q78 (Figure 2G) to compare the relationship 518 

between polyQ tract length and HDB4E10/MW1 IP-FCM MFI signal at a variety of known 519 

protein concentrations. We observed that MFI increased with longer Q tracts (Figure 2H). This 520 

demonstrates that HDB4E10/MW1 MFI is a measure of signal rather than absolute protein 521 

concentration and suggests that the increased MFI observed in the CSF from YAC128 C6R line 522 

was due to the longer polyQ tract in this line (138 Qs) compared to the YAC128 mice (126 Qs), 523 

rather than increased mHTT concentration. Despite this caveat that prohibits direct comparison 524 

of mHTT concentrations in the brain and CSF of these lines using IP-FCM, ample mHTT was 525 

detected in the CSF of YAC128 C6R mice demonstrating that it is released to CSF in the 526 

absence of neurodegeneration and must reach this compartment by other mechanisms. 527 
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 528 

HTT is secreted from primary neurons but not astrocytes 529 

We next investigated whether HTT is secreted from primary forebrain neurons and astrocytes 530 

derived from Hu18/18 and Hu97/18 humanized mice. Recently it was shown that mHTT is 531 

secreted from neuronal cells via a LE/Lys secretory pathway and that its secretion could be 532 

inhibited using a neutral sphingomyelinase (nSMase) inhibitor, GW4869 (Trajkovic et al., 2017). 533 

In Hu18/18 primary neurons, we observed that wtHTT was secreted into the media and that this 534 

secretion was significantly reduced by 81% following treatment with GW4869 (Figure 3A B. 535 

Unpaired t-test t(6) = 3.137, p = 0.0201). Moreover, we found that treatment of Hu97/18 primary 536 

neurons with GW4869 led to a significant reduction of wtHTT by 73% and mHTT by 68% in the 537 

media (Figure 3C D. Two-way ANOVA GW4869 treatment F(1, 12) = 27.55, p = 0.0002; HTT 538 

allele F(1, 12) = 0.1050, p = 0.7515; interaction F(1, 12) = 0.0001245, p = 0.9913. Sidak’s 539 

multiple comparison test *p = 0.0174 DMSO/wtHTT compared to GW4869/wtHTT, #p = 0.0180 540 

DMSO/mHTT compared to GW4869/mHTT). Notably, both wtHTT and mHTT were secreted 541 

from Hu97/18 forebrain neurons at similar levels (Figure 3D. Sidak’s multiple comparison p > 542 

0.9999 DMSO/wtHTT compared to DMSO/mHTT), and treatment with GW4869 resulted in 543 

similar reductions of wtHTT and mHTT in the culture media (Figure 3D. Sidak’s multiple 544 

comparison p > 0.9999 GW4869/wtHTT compared to GW4869/mHTT). These data demonstrate 545 

that there is no allelic bias in the secretion of HTT from Hu97/18 primary neurons (Figure 3C, 546 

D), suggesting that this process may be a normal physiological function of HTT. We failed to 547 

detect HTT in the media of both Hu18/18 (Figure 3E) and Hu97/18 (Figure 3F) primary 548 

astrocytes, despite enrichment by immunoprecipitation with an antibody against HTT. This 549 

suggests that HTT is not secreted from primary astrocytes in vitro. 550 

 551 
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In vivo cellular secretion contributes to CSF and plasma mHTT 552 

We next wanted to evaluate the relative contribution of mHTT secretion to mHTT in the CSF 553 

and plasma of animals. Since GW4869 is not brain penetrant, we utilized phenyl(R)-(1-(3-(3,4-554 

dimethoxyphenyl)-2,6-dimethylimidazo[1,2-b]pyridazin-8-yl)pyrrolidin-3-yl)-carbamate (PDDC), a 555 

potent small molecule nSMase inhibitor that enters the brain after systemic administration 556 

(Rojas et al., 2019). Treatment of Hu97/18 neurons with PDDC led to a significant reduction of 557 

both wtHTT and mHTT in the culture media (Figure 3G, H. Two-way ANOVA PDDC treatment 558 

F(1, 28) = 323.12, p < 0.0001; HTT allele F(1, 28) = 1.785, p = 0.1923; interaction F(1, 28) = 559 

0.02710, p = 0.8704. Sidak’s multiple comparison test ****p < 0.0001 DMSO/wtHTT compared 560 

to PDDC/wtHTT, ####p < 0.0001 DMSO/mHTT compared to PDDC/mHTT), similar to treatment 561 

with GW4869 (Figure 3A-D), which further validates that inhibition of nSMase suppresses HTT 562 

secretion.  563 

To investigate the contribution of secretion under basal conditions, Hu97/18 mice received daily 564 

intraperitoneal injections with either PDDC or vehicle for 5 days and mHTT in the CSF and 565 

plasma was measured by IP-FCM approximately 6 hrs after the final injection (Figure 4A). We 566 

observed a treatment-induced reduction of mHTT of 48% in the CSF (Figure 4B. Unpaired t-567 

test t(29) = 2.329, *p = 0.0270) and 24% in the plasma (Figure 4C. Unpaired t-test t(24) = 568 

2.175, * p =0.0397). These data suggest that cellular secretion of HTT in the brain contributes to 569 

mHTT protein in the CSF and blood.  570 

To investigate the contribution of secretion to biofluid mHTT under neurotoxic conditions, 571 

Hu97/18 mice received a unilateral IS injection with either QA or PBS on the second day of 572 

PDDC treatment and biofluids were collected 3 days later, on the 5th day of PDDC treatment 573 

(Figure 4A). In the PBS-injected group, we saw a similar trend of PDDC treatment as in basal 574 

conditions, with a 42% reduction in CSF mHTT IP-FCM signal (Figure 4D. Two-way ANOVA 575 

QA treatment F(1, 33) = 17.21, p = 0.0002; PDDC treatment F(1, 33) = 12.90, p = 0.0011; 576 
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interaction F(1, 33) = 0.2199, p = 0.6422. Sidak’s multiple comparison test p = 0.0508 577 

vehicle/PBS compared to PDDC/PBS) and a significant 30% reduction in plasma (Figure 4E. 578 

Two-way ANOVA QA treatment F(1, 48) = 11.10, p = 0.0017; PDDC treatment F(1, 48) = 17.98, 579 

p = 0.0001; interaction F(1, 48) = 0.3509, p = 0.5564. Sidak’s multiple comparison test *p = 580 

0.0259 vehicle/PBS compared to PDDC/PBS). In QA-injected animals, this trend was 581 

maintained, with a 54% reduction in CSF mHTT signal following PDDC treatment (Figure 4D. 582 

Sidak’s multiple comparison test #p = 0.0201 vehicle/QA compared to PDDC/QA), and a 40% 583 

reduction in observed in plasma (Figure 4E. Sidak’s multiple comparison test ##p = 0.0026 584 

vehicle/QA compared to PDDC/QA), suggesting that secretion continues to contribute to mHTT 585 

clearance following acute neurotoxic injury. In vehicle-treated animals, we observed the 586 

expected QA-induced increase in mHTT signal in both compartments, 62% in CSF (Figure 4D. 587 

Sidak’s multiple comparison test $$p = 0.0078 vehicle/PBS compared to vehicle/QA) and 33% in 588 

plasma (Figure 4E. Sidak’s multiple comparison test $p = 0.0256 vehicle/PBS compared to 589 

vehicle/QA). In PDDC treated mice, we observed a QA-induced increase in mHTT CSF signal of 590 

49% (Figure 4D. Sidak’s multiple comparison test %p = 0.0190 PDDC/PBS compared to 591 

PDDC/QA), and a 23% increase in plasma mHTT signal (Figure 4E. Sidak’s multiple 592 

comparison test p = 0.0793 PDDC/PBS compared to PDDC/QA). Thus, inhibition of HTT 593 

secretion does not alter acute neurotoxic increases in CSF or plasma mHTT.   594 

 595 

Exogenous extracellular mHTT is cleared from the brain to the CSF  596 

To investigate the mechanism and kinetics of the clearance of extracellular mHTT from the 597 

brain, WT mice received a unilateral IS injection of FL mHTT containing Q67 (FL mHTT Q67), 598 

and brains and CSF were collected at multiple timepoints post-injection for quantification of 599 

exogenous mHTT (Figure 5A). We performed immunohistochemistry (IHC) to validate that FL 600 

mHTT Q67 was delivered into the striatum (Figure 5B). Consistent with IS administration of FL 601 
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mHTT Q67, we observed the highest levels in the striatum at the first timepoint assessed (0.5 602 

hrs post-injection; Figure 5C and D). Levels of FL mHTT Q67 in the striatum were significantly 603 

decreased after 2 hrs and were no longer detectable after 24hrs (Figure 5C and D. One-way 604 

ANOVA F(5, 18) = 29.88, p < 0.0001. Tukey’s multiple comparison test of 0.5 hrs compared to 605 

other timepoints ***p = 0.0005, ****p < 0.0001). Interestingly, levels of FL mHTT Q67 in the CSF 606 

peaked at 1 hour post-injection and were nearly undetectable by 6 hrs post-injection (Figure 5E. 607 

One-way ANOVA F(5, 26) = 23.73, p < 0.0001. Tukey’s multiple comparison test of 0.5 hrs 608 

compared to other timepoints *p = 0.0495, **p = 0.0041, ***p = 0.007, ### p = 0.0003). We 609 

estimated the percentage of the injected dose that was cleared from the brain to the CSF at 610 

each timepoint using a standard curve of FL mHTT Q67 protein (Figure 5E). These data 611 

suggest that a portion (area under curve = 18.82% ± 4.319 over 24 hrs) of the extracellular 612 

protein injected in the striatum was cleared to the CSF. However, the accurate quantification of 613 

mHTT clearance from the brain to the CSF in this experiment is confounded by the rapid 614 

turnover of CSF in mice (Oshio et al., 2005) and potential degradation of mHTT over time, 615 

among other factors. 616 

 617 

Exogenous mHTT delivered to the CSF is cleared to the plasma 618 

CSF circulates within the ventricular system and subarachnoid spaces of the brain and is 619 

ultimately reabsorbed back into the blood stream (Khasawneh et al., 2018). To evaluate 620 

whether mHTT from the CSF is cleared into the blood compartment, we injected FL mHTT Q67 621 

into the lateral ventricle of WT mice and collected brain, CSF and plasma at multiple timepoints 622 

post-injection (Figure 5F). As expected from delivery of mHTT directly into the CSF, we 623 

observed the highest levels of CSF FL mHTT Q67 at the first evaluated timepoint post-injection 624 

(0.5 hrs; Figure 5G. One-way ANOVA F(5, 19) = 5.065, p = 0.0041. Tukey’s multiple 625 

comparison test of 0.5hrs compared to other timepoints *p = 0.0146, **p = 0.0046, #p = 0.0319). 626 
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Levels of mHTT in the CSF were nearly undetectable at 1 hr and absent at 2 hrs post-injection 627 

(Figure 5G). This finding was not surprising considering that CSF is turned over at a rate of 12-628 

13 times per day in mice (Oshio et al., 2005). Interestingly, levels of mHTT in the CSF started to 629 

rise again by 4 hrs and reached 49% of peak levels at 6 hrs post-injection. In plasma, levels of 630 

mHTT peaked at 1 hr post-injection and returned to near baseline by 6 hrs post-injection 631 

(Figure 5H. One-way ANOVA F(5, 20) = 2.144, p = 0.1018.). We did not detect mHTT in any 632 

brain region at any timepoint evaluated following ICV injection of FL mHTT Q67 (data not 633 

shown). This data suggests that mHTT from the CSF can contribute to the pool of mHTT in the 634 

plasma. 635 

 636 

Exogenous mHTT delivered to the blood can re-enter the CSF 637 

To evaluate whether mHTT delivered to the blood can re-enter the CSF, and to get better 638 

resolution of the stability of mHTT in the blood, we administered FL mHTT Q67 by intravenous 639 

(IV) injection and collected the brain, plasma and CSF at different timepoints post-injection 640 

(Figure 5I). Consistent with a bolus IV injection, we detected the highest levels of FL mHTT 641 

Q67 in the plasma at the first time point evaluated (0.5 hrs; Figure 5J. One-way ANOVA F(5, 642 

13) = 8.634, p = 0.0009. Tukey’s multiple comparison test of 0.5 hrs compared to other 643 

timepoints = n.s.), with levels only decreasing to 68% after 6 hrs. This suggests that FL mHTT 644 

Q67 is relatively stable in the blood for up to 6 hrs, consistent with the slower rate of plasma 645 

turnover as compared to CSF. We did not detect any FL mHTT Q67 in the CSF at 0.5 or 1 hour 646 

post-injection, but mHTT signal was detectable at 2, 4 and 6 hrs post-injection (Figure 5K. One-647 

way ANOVA F(5, 12) = 2.244, p = 0.1167). This suggests that extracellular FL mHTT in the 648 

blood is able to enter the CSF. However, no mHTT was detected in the brain at any timepoint 649 

evaluated following IV administration of FL mHTT Q67 (data not shown).  650 
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 651 

Correlative reduction of plasma mHTT following ASO-mediated mHTT suppression in the 652 

CNS 653 

We have previously shown that ASO-mediated lowering of mHTT in the CNS results in a 654 

correlative reduction of mHTT in the CSF (Southwell et al., 2015). Here we wanted to 655 

investigate if plasma mHTT levels also change with HTT suppression in the CNS to further 656 

explore the potential contribution of CNS derived mHTT to circulation. Hu97/18 mice received 657 

either PBS vehicle or an ASO targeting human HTT (Southwell et al., 2015) at doses ranging 658 

from 15-150μg. Twenty-eight days post ICV injection brain, plasma, and liver were collected for 659 

mHTT quantification by IP-FCM. We observed a dose-dependent reduction of mHTT in both the 660 

brain (Figure 6A. Log transformed linear regression R2 0.3773, p < 0.001) and plasma (Figure 661 

6B. Log transformed linear regression R2 0.2977, p < 0.01). Conversely, we did not observe a 662 

reduction of mHTT in the liver (Figure 6C. Log transformed linear regression R2 0.0020, p = 663 

0.8416). ASOs in systemic circulation preferentially accumulate in the liver (Koller et al., 2011; 664 

Ammala et al., 2018), therefore, the liver is expected to be the most sensitive tissue for 665 

assessing peripheral suppression of HTT. Notably, there was a strong positive correlation 666 

between the reduction of mHTT in the brain and that measured in the plasma (Figure 6D. R2 667 

0.5444 p < 0.0001). The lack of observed mHTT lowering in the liver indicates that the observed 668 

reduction in plasma mHTT levels is likely the result of CNS, rather than peripheral, mHTT 669 

lowering. 670 

 671 

Suppression of the glymphatic system in the brain of Hu97/18 mice reduces clearance of 672 

mHTT to CSF and plasma  673 
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To investigate whether the glymphatic system contributes to the clearance of extracellular HTT 674 

from the brain to the CSF under basal and acute neurotoxic conditions, we suppressed levels of 675 

AQP4, the mediator of glymphatic clearance, in the CNS. To achieve this, we designed a 676 

gapmer ASO that would specifically target AQP4 mRNA (AQP4 ASO), without affecting other 677 

aquaporins, with the goal of suppressing the glymphatic system in the brain. To test the potency 678 

of this ASO in vivo, Hu97/18 received an ICV injection with either PBS or AQP4 ASO at one of 679 

two doses and brains were harvested 28 days later for analysis of AQP4 protein levels by 680 

western blot. We observed that this molecule induced significant reduction of AQP4 levels in 681 

both the cortex (Figure 7A, B. One-way ANOVA F(2, 23) = 11.63, p = 0.0003. Tukey’s multiple 682 

comparison test *p = 0.0161, ***p = 0.0004 compared to PBS) and striatum (Figure 7C, D. One-683 

way ANOVA F(2, 26) = 15.99, p < 0.0001. Tukey’s multiple comparison test ***p = 0.0003, ###p 684 

= 0.0002 compared to PBS).   685 

To investigate the contribution of the glymphatic system to HTT clearance under basal 686 

conditions, Hu97/18 received an ICV injection with either PBS or AQP4 ASO, and biofluids were 687 

collected 28 days post-injection (Figure 7E). Following approximately 30% ASO-mediated 688 

reduction of AQP4 in the brain, we observed a 23% reduction of mHTT in the CSF (Figure 7F. 689 

Unpaired t-test t(15) = 3.057, **p = 0.0080) and a 49% reduction in the plasma (Figure 7G. 690 

Unpaired t-test t(12) = 3.572, **p = 0.0038). These data suggest that glymphatic clearance of 691 

HTT in the brain contributes to mHTT protein in both the CSF and blood. 692 

To evaluate whether the glymphatic system contributes to HTT clearance following neurotoxic 693 

injury, Hu97/18 HD mice received an ICV injection with either PBS or AQP4 ASO, then 25 days 694 

later they received a unilateral IS injection with either PBS or QA and biofluids were collected 3 695 

days later (28 days post-ASO injection) (Figure 7E). Fluoro-Jade staining was performed to 696 

validate neurodegeneration in the striatum following QA injection (Figure 7H). Consistent with 697 

AQP4 ASO treatment under basal conditions, AQP4 ASO treatment in PBS injected mice led to 698 
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a 23% reduction of mHTT in the CSF (Figure 7I. Two-way ANOVA ASO treatment F(1, 14) = 699 

6.163, p = 0.0263; QA treatment F(1, 14) = 9.978, p = 0.0070; interaction F(1, 14) = 0.3833, p = 700 

0.5458. Sidak’s multiple comparison test p = 0.3417 PBS/PBS compared to AQP4 ASO/PBS) 701 

although this failed to reach posthoc significance, and a 28% decrease in plasma mHTT signal 702 

(Figure 7J. Two-way ANOVA ASO treatment F(1, 40) = 7.543, p = 0.0090; QA treatment F(1, 703 

40) = 14.58, p = 0.0005; interaction F(1, 40) = 0.006373, p = 0.9368. Sidak’s multiple 704 

comparison test #p = 0.0403 PBS/PBS compared to AQP4 ASO/PBS). These data further 705 

support the contribution of AQP4-dependent glymphatic flux to mHTT clearance from the brain 706 

to CSF under basal conditions. Furthermore, in QA injected animals, treatment with AQP4 ASO 707 

led to a 38% reduction of CSF mHTT (Figure 7I. Sidak’s multiple comparison test p = 0.1057 708 

PBS/QA compared to AQP4 ASO/QA) and a 27% reduction in plasma mHTT signal (Figure 7J. 709 

Sidak’s multiple comparison test p = 0.2043 PBS/QA compared to AQP4 ASO/QA), suggesting 710 

a contribution of the glymphatic system to mHTT clearance under neurotoxic injury. Notably, the 711 

proportional reduction of mHTT in the CSF and plasma under basal and neurotoxic conditions 712 

suggests that the contribution of glymphatic clearance is similar under both conditions, but that 713 

there is more mHTT in the extracellular space that is accessible for clearance under neurotoxic 714 

conditions. Consistent with QA-induced neurodegeneration (Figure 4D, E), we observed an 715 

expected 46% increase in CSF mHTT signal (Figure 7I. Sidak’s multiple comparison test *p = 716 

0.0281 PBS/PBS compared to PBS/QA) and a 38% increase in plasma mHTT (Figure 7J. 717 

Sidak’s multiple comparison test *p = 0.0175 PBS/PBS compared to PBS/QA). Finally, in AQP4 718 

ASO treated animals injected with QA, we observed a 31% increase in CSF mHTT (Figure 7I. 719 

Sidak’s multiple comparison test p = 0.2036 AQP4 ASO/PBS compared to AQP4 ASO/QA) and 720 

a 39% increase in plasma mHTT signal (Figure 7J. Sidak’s multiple comparison test $p = 721 

0.0226 AQP4 ASO/PBS compared to AQP4 ASO/QA). These data further support the 722 

correlation of mHTT levels in the CNS and the blood. Finally, to validate that AQP4 ASO 723 

treatment did not alter total CSF protein concentrations, we quantified albumin levels in the 724 
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same volume of CSF for each animal and found that they were not significantly altered following 725 

AQP4 ASO treatment (Figure 7K. Unpaired t-test t(7) = 0.3759, p = 0.7181),   726 
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Discussion  727 

We sought to investigate the mechanism(s) by which mHTT, an intracellular protein, reaches 728 

the CSF compartment to enhance our understanding of treatment-induced CSF mHTT changes. 729 

We have demonstrated that CSF mHTT is transiently increased following acute neurotoxic injury 730 

(Southwell et al., 2015), suggesting that passive release during neuron injury and death may be 731 

the precipitating event in deposition of mHTT into CSF. This is supported by our current findings 732 

that lentiviral mHTTex1-GFP produced in the striatum is detected in the CSF during the 733 

neurodegenerative process. It is important to note that by 6 weeks post-injection, mHTTex1-734 

GFP was predominantly found in inclusions, which may alter clearance dynamics of mHTT from 735 

the brain or interfere with immunoassay detection. Independent of this potential confound, we 736 

have confirmed that striatal mHTTex1-GFP, which is neurotoxic, is released into the CSF of 737 

mice during the process of neurodegeneration. Conversely, lentiviral GFP, which is not 738 

neurotoxic, was not detected in CSF. These data provide strong evidence that mHTT is 739 

released from dying neurons into the extracellular space and the CSF. 740 

Conversely, we demonstrate that neurodegeneration is not required for mHTT to be found in the 741 

CSF using the YAC128 C6R mouse model of HD, which lacks histologically detectable 742 

neurodegeneration (Graham et al., 2006). While YAC128 display elevated plasma NfL, 743 

indicative of the neurodegeneration observed in this line, YAC128 C6R mice have plasma NfL 744 

levels similar to WT mice, supporting a lack of neurodegeneration. Increased NfL has been 745 

reported in biofluids of the R6/2 mouse model of HD (Soylu-Kucharz et al., 2017), but this is the 746 

first report showing increased plasma NfL in a FL, adult-onset HD model.  747 

Here we measured an unexpected increase in CSF mHTT in YAC128 C6R compared to 748 

YAC128 mice, whereas we detected roughly equivalent amounts of mHTT in the brain by IP-749 

FCM. Conversely, immunoblotting using the same brain lysates showed the expected reduction 750 

in mHTT protein in YAC128 C6R brain, consistent with previous reports (Graham et al., 2006; 751 
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Ehrnhoefer et al., 2018b), suggesting that there is a difference between how these assays 752 

quantify YAC128 C6R protein. The mHTT IP-FCM assay utilizes HDB4E10, a HTT antibody 753 

raised against amino acids (a.a.) 1844 - 2131, for immunoprecipitation of HTT, and MW1, an 754 

expanded polyglutamine binding antibody, for detection of mHTT (Southwell et al., 2015). The 755 

crystal structure of MW1 antigen binding fragment bound to mHTTex1 shows that the 756 

stoichiometry of MW1 increases with longer Q tracts (Bennett et al., 2002; Owens et al., 2015). 757 

This suggests that the increased IP-FCM signal observed in the YAC128 C6R line is due to a 758 

longer polyQ stretch in mHTT (~138 Q) compared to the same concentration of YAC128 mHTT 759 

(~126 Q) and that this assay overestimates the concentration of mHTT with longer polyQ tracts. 760 

This demonstrates the necessity of using standard proteins with the same polyQ length for 761 

absolute quantitation of HTT by immunoassays employing MW1, and highlights the importance 762 

of considering CAG lengths in comparative immunoassays. Nonetheless, the presence of mHTT 763 

in the CSF of YAC128 C6R mice demonstrates that mHTT must exit cells through non-764 

neurodegenerative processes.  765 

Recently, it was shown that HTT is secreted to the extracellular environment via an nSMase-766 

dependent LE/Lys unconventional secretory pathway (Trajkovic et al., 2017). The initial report 767 

describing HTT secretion showed that N-terminal a.a.1-590 (N590) mHTT was preferentially 768 

secreted compared to N590 wtHTT from a mouse neuroblastoma cell line, Neuro2A. The 769 

authors postulated that preferential secretion of mHTT could represent a protective mechanism 770 

to mitigate mHTT-induced toxicity. In contrast, we did not observe an allelic preference in the 771 

secretion of HTT from Hu97/18 primary neurons and saw robust secretion of wtHTT from control 772 

Hu18/18 neurons, suggesting that HTT secretion may be a normal, non-pathological process. 773 

This may be a non-functional consequence of the role of HTT as a scaffolding protein in 774 

secretory vesicle trafficking and cell membrane fusion (Velier et al., 1998; Strehlow et al., 2007; 775 

Brandstaetter et al., 2014), but could also indicate an extracellular function of HTT.  776 
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These conflicting findings could be due to our more physiologically-relevant model system - 777 

primary neurons expressing endogenous levels of FL, human wt and mHTT in the absence of 778 

mouse Htt - rather than neuron-like cells overexpressing N-terminal HTT as well as mouse Htt. 779 

The increased toxicity of overexpressing N-terminal mHTT compared to FL mHTT expressed at 780 

endogenous levels may induce a compensatory mechanism leading to enhanced secretion. 781 

Secretory pathways may also differ between neuroblastoma cells and primary forebrain 782 

neurons. Interestingly, we also found that, at least in vitro, primary forebrain astrocytes do not 783 

secrete HTT, suggesting that this active mechanism may be solely neuronal. However, 784 

additional studies are required to investigate secretion from other CNS cell types.  785 

To assess the physiological relevance of HTT secretion in vivo, we used a brain-penetrable 786 

nSMase inhibitor, PDDC, to suppress mHTT secretion in mice. We demonstrate that this active 787 

release process contributes significantly to CSF and plasma mHTT in Hu97/18 mice under both 788 

basal and neurotoxic conditions. These findings demonstrate that mHTT is actively secreted 789 

from cells in the CNS, however, despite the vast majority of CSF mHTT originating from the 790 

CNS (Southwell et al., 2015), we cannot exclude the potential contribution of peripheral cell 791 

secretion to CSF mHTT.   792 

The glymphatic system is required for the clearance of interstitial fluids and solutes from the 793 

brain. Soluble amyloid beta is known to be cleared from the brain via the glymphatic system (Iliff 794 

et al., 2012). Here we report that exogenous extracellular FL mHTT is cleared from the brain 795 

parenchyma to the CSF following delivery into the striatum of WT mice. We detected FL mHTT 796 

in the CSF as early as 30 mins post-injection, consistent with rapid clearance by glymphatic 797 

convective bulk flow. However, a recent study has shown that IS injections can suppress 798 

glymphatic function (Mestre et al., 2018), suggesting that the temporal dynamics of mHTT efflux 799 

from the brain to the CSF seen in our studies may underestimate the normal physiological 800 

clearance rate of HTT. Despite this potential caveat, our data demonstrates that parenchyma-801 
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derived mHTT can be cleared to the CSF. Additionally, we show that suppressing AQP4 in the 802 

CNS leads to decreased CSF and plasma mHTT under both steady state and acute neurotoxic 803 

conditions. This demonstrates a role of AQP4-dependent glymphatic flux in the clearance of 804 

extracellular mHTT from the brain.  805 

Intrathecal infusion is being used to deliver HTT lowering ASOs to the CNS in clinical trials for 806 

HD. Results from the first HTT lowering clinical trial showed treatment-induced reduction of CSF 807 

mHTT, suggesting HTT target engagement in the CNS (Tabrizi et al., 2019). However, the 808 

magnitude of HTT lowering in different brain regions remains unclear. Preclinical studies in non-809 

human primates have shown that intrathecal infusion of ASOs results in a concentration 810 

gradient in the brain (Kordasiewicz et al., 2012; Southwell et al., 2018) due to a combination of 811 

rapid CSF turnover and limited diffusion into the brain parenchyma (Pardridge, 2011). This 812 

suggests that the ASO-induced reduction of mHTT in CSF may represent more target 813 

engagement in superficial regions of the brain in close proximity to CSF flow, such as the spinal 814 

cord, choroid plexus and cortex, than in deeper regions of the brain, such as the basal ganglia. 815 

Current estimates of HTT lowering in the human basal ganglia, predicted by reduction in CSF 816 

mHTT in ASO treated patients, are based on non-human primate studies of ASO-mediated 817 

suppression of WT monkey HTT in healthy monkeys. Given the contribution of passive release 818 

of brain mHTT to the CSF, we expect CSF HTT dynamics to be different in healthy and 819 

neurodegenerative conditions. As a result, it is unknown to what extent these studies of HTT 820 

suppression in healthy monkeys have predictive value for CSF mHTT assessments of target 821 

engagement in HD patients.  822 

Many questions involving the cell-type and brain region source of mHTT in the CSF remain 823 

unanswered. We have previously shown that CNS cells derived from neural progenitors are the 824 

major source for mHTT in the CSF (Southwell et al., 2015). However, additional studies are 825 

required to evaluate the relative contribution of specific cell types to the pool of mHTT in CSF. 826 
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Moreover, we have shown that neurodegeneration contributes to mHTT in the CSF, suggesting 827 

that the striatum and cortex, the regions of the brain most affected in HD, may contribute to 828 

mHTT in the CSF. However, the relative contributions of different brain regions remain 829 

unknown, demonstrating a need for additional studies of the origins of CSF HTT protein.  830 

Overall, our data support the contribution of both passive release and active clearance of mHTT 831 

to CSF. We propose a unified mechanism where under steady state conditions, HTT is secreted 832 

from neurons in the brain into the extracellular compartment via the LE/Lys pathway (Figure 833 

8A). CSF from the paravascular space enters the brain parenchyma facilitated by the dense 834 

expression of AQP4 at astrocytic endfeet, which establishes convective bulk flow of interstitial 835 

fluid clearing HTT (and other solutes) from the extracellular space to the CSF and blood (Figure 836 

8B, top). Under neurodegenerative conditions, HTT is both actively secreted from cells and 837 

passively released from dying neurons into the extracellular space, leading to increased 838 

interstitial HTT, and is cleared by the glymphatic system into the CSF and blood (Figure 8B, 839 

bottom). This model suggests that therapy-induced changes in CSF mHTT may represent both 840 

target engagement and preservation of neurons and that in therapeutic efficacy trials, mHTT 841 

should be used in combination with biomarkers of neurodegeneration, such as NfL, to provide a 842 

more accurate measure of target engagement.   843 
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Figure legends 1045 

Figure 1. Intracellular mHTT is cleared to the CSF during induced neuronal death. A) 1046 

Graphical overview of experimental design where 2 month old wild type (WT) animals received 1047 

bilateral IS injections with either GFP or mHTTex1-GFP lentiviruses, and CSF was collected at 1048 

1, 2, 3, 4 and 6 weeks post-injection for measurement of mHTT levels. B) IHC images showing 1049 

that mHTTex1-GFP transgene expression is visible at 1 week post-injection, with expression 1050 

dramatically increased at 4 weeks post-injection. B, inset) High magnification images at 4 weeks 1051 

post-injection shows both diffuse mHTTex1-GFP and mHTT inclusions as well as extensive 1052 

staining for NeuN in the transduced striatum, demonstrating the presence of neurons. 1053 

Arrowheads highlight mHTT inclusion bodies. B, inset) In contrast, at 6 weeks post-injection 1054 

mHTTex1-GFP expression remains high and large mHTT inclusion bodies are apparent 1055 

whereas neurons are no longer present. C) IHC images of GFP control lentivirus shows similar 1056 

distribution and expression levels as mHTTex1-GFP lentivirus at 1 and 4 weeks post-injection. 1057 

D) Quantification of GFP median fluorescence intensity (MFI) in the CSF from GFP or 1058 

mHTTex1-GFP injected animals at different intervals post-injection (N=3-5 per timepoint. Two-1059 

way ANOVA lentivirus treatment p < 0.0001, timepoint p = 0.0608 and interaction p = 0.0539. 1060 

Sidak’s multiple comparison test **p = 0.0048, ***p = 0.0003). A.U. = arbitrary units of 1061 

fluorescence. 1062 

 1063 

Figure 2: Neurodegeneration is not required for release of mHTT into the CSF. A) Levels 1064 

of NfL in the plasma of YAC128, YAC128 C6R and WT littermate controls at 12 months of age 1065 

(N=5-10 per genotype. One-way ANOVA p = 0.0094. Tukey’s multiple comparison test **p = 1066 

0.0075 YAC128 compared to WT littermate control mice, not significant (ns) p = 0.7792 WT 1067 

compared to YAC128 C6R mice). B) Quantification of mHTT median fluorescence intensity 1068 

(MFI) in brain lysates from YAC128 and YAC128 C6R mice using IP-FCM demonstrates similar 1069 
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MFI in both genotypes (N=4. Unpaired t-test p = 0.7890). C) Quantification of mHTT MFI in the 1070 

CSF from YAC128 and YAC128 C6R mice using IP-FCM demonstrates detectable CSF mHTT 1071 

in both genotypes with higher signal observed in YAC128 C6R mice (N=4. Unpaired t-test p = 1072 

0.0641). D) Representative western blot probed with MAB2166 showing HTT levels in brain 1073 

lysates from WT, YAC128 and YAC128 C6R mice. E) Quantification of relative mHTT levels in 1074 

brain lysates (same used in C) from YAC128 and YAC128 C6R mice shows a significant 1075 

reduction in YAC128 C6R mice (N=4. Unpaired t-test **p = 0.0021). F) CAG length sequencing 1076 

in YAC128 and YAC128 C6R mice (N=3-6 animals per line) showed approximately a 12 CAG 1077 

(or 12 Q) increase in YAC128 C6R mice. Average CAG lengths for each line are listed above 1078 

their corresponding bars. G) PAGE separation and coomassie staining of FL HTT proteins 1079 

demonstrating appropriate size, including Q-length dependent increase, and lack of degradation 1080 

products. H) IP-FCM was performed using a 10x dilution series from 0.002 to 200 pM of 1081 

recombinant FL HTT proteins with polyQ tracts ranging from Q2 to Q78. Non-expanded HTT 1082 

(Q2 and Q23) is not detected using this assay. For the same concentration of expanded mHTT 1083 

proteins, MFI signal increases with increased polyQ length. X-axis data was log transformed 1084 

and a non-linear fit was applied to the data. 1085 

 1086 

Figure 3: HTT is secreted from primary neurons but not astrocytes. A) Representative 1087 

western blot of neuron lysates and concentrated media from Hu18/18 neurons probed with 1088 

MAB2166. B) Quantification of secreted extracellular wtHTT from Hu18/18 neurons showed an 1089 

81% reduction following treatment with GW4869 (N=4 independent experiments per treatment 1090 

condition. Unpaired t-test *p = 0.0201). C) Representative western blot of neuron lysates and 1091 

concentrated media from Hu97/18 neurons. D) Quantification of secreted extracellular HTT from 1092 

Hu97/18 neurons showed a 73% reduction of wtHTT and a 68% reduction of mHTT following 1093 

treatment with GW4869 (N=4 independent experiments per treatment condition. Two-way 1094 
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ANOVA GW4869 treatment p = 0.0002, HTT allele p = 0.7515, interaction p = 0.9913. Sidak’s 1095 

multiple comparison test *p = 0.0174 DMSO/wtHTT compared to GW4869/wtHTT, #p = 0.0180 1096 

DMSO/mHTT compared to GW4869/mHTT). E, F) Representative western blots of astrocyte 1097 

lysates and immunoprecipitated (IP) culture media demonstrating intracellular HTT and a lack of 1098 

extracellular protein in either E) Hu18/18 or F) Hu97/18 primary astrocyte cultures, suggesting 1099 

that HTT is not secreted from these cells. Brightness and contrast have been adjusted to 1100 

highlight the absence of HTT signal from IP media. G) Representative western blot of neuron 1101 

lysates and concentrated media from Hu97/18 neurons. H) Quantification of secreted 1102 

extracellular HTT from Hu97/18 neurons showed a 72% reduction of wtHTT and a 66% 1103 

reduction of mHTT following treatment with PDDC (N=8 independent experiments per treatment 1104 

condition. Two-way ANOVA PDDC treatment p < 0.0001, HTT allele p = 0.1923, interaction p = 1105 

0.8704. Sidak’s multiple comparison test ****p < 0.0001 DMSO/wtHTT compared to 1106 

PDDC/wtHTT, ####p < 0.0001 DMSO/mHTT compared to PDDC/mHTT). 1107 

 1108 

Figure 4: In vivo cellular secretion contributes to CSF and plasma mHTT. A) Graphical 1109 

overview of experimental design to evaluate the contribution of secretion to mHTT in biofluids 1110 

under basal and neurotoxic conditions. Hu97/18 mice received PDDC or DMSO vehicle control 1111 

by daily intraperitoneal injections for 5 days. Biofluids were collected after the final injection. 1112 

Under neurotoxic conditions, mice received either QA or PBS after the second PDDC injection. 1113 

Quantification of mHTT levels following treatment with PDDC under basal conditions showed a 1114 

B) 48% reduction in CSF mHTT (N=15-16. Unpaired t-test *p = 0.0270) and C) 24% reduction in 1115 

plasma mHTT signal (N=13. Unpaired t-test *p = 0.0397), demonstrating that secretion 1116 

contributes to mHTT in both biofluid compartments. D, E) In PBS injected animals, PDDC 1117 

treatment resulted in D) a 42% reduction in CSF (N=8-13. Two-way ANOVA QA treatment p = 1118 

0.0002, PDDC treatment p = 0.0011 interaction p = 0.6422. Sidak’s multiple comparison test p = 1119 
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0.0508 vehicle/PBS compared to PDDC/PBS) and E) 30% decrease in plasma mHTT signal 1120 

(N=11-15. Two-way ANOVA QA treatment p = 0.0017, PDDC treatment p = 0.0001, interaction 1121 

p = 0.5564. Sidak’s multiple comparison test *p = 0.0259 vehicle/PBS compared to PDDC/PBS), 1122 

consistent with the effects of PDDC treatment under basal conditions. Similarly, in QA injected 1123 

animals, treatment with PDDC resulted in D) a 54% decrease in CSF mHTT (N=8. Sidak’s 1124 

multiple comparison test #p = 0.0201 vehicle/QA compared to PDDC/QA) and E) a 40% 1125 

reduction in plasma mHTT signal (N=11-15. Sidak’s multiple comparison test ##p = 0.0026 1126 

vehicle/QA compared to PDDC/QA), suggesting that secretion contributes to mHTT clearance 1127 

following neurotoxic injury. In vehicle treated animals, QA injection resulted in D) a 62% 1128 

increase in CSF mHTT signal (N=8. Sidak’s multiple comparison test $$p = 0.0078 vehicle/PBS 1129 

compared to vehicle/QA) and E) a 33% increase in plasma mHTT signal (N=11. Sidak’s multiple 1130 

comparison test $p = 0.0256 vehicle/PBS compared to vehicle/QA), demonstrating a similar 1131 

effect in the two compartments. In PDDC treated animals injected with either PBS or QA, there 1132 

was D) a 49% increase in CSF mHTT signal (N=8-13. Sidak’s multiple comparison test %p = 1133 

0.0190 PDDC/PBS compared to PDDC/QA), and E) a 23% increase in plasma mHTT (N=15. 1134 

Sidak’s multiple comparison test p = 0.0793 PDDC/PBS compared to PDDC/QA). Thus, 1135 

inhibition of HTT secretion does not alter acute neurotoxic increases in CSF or plasma mHTT. 1136 

 1137 

Figure 5. Exogenous extracellular FL mHTT Q67 is cleared from the brain to the CSF then 1138 

to the blood, and can re-enter the CSF. A) Graphical overview of experimental design where 1139 

2 month old WT animals received a unilateral IS injection with 500ng of FL mHTT Q67 and brain 1140 

and CSF were collected at different timepoints post-injection. B) IHC images of brains stained 1141 

with MW1 antibody prior to and following IS injection (at 1 and 6hrs) with FL mHTT Q67. 1142 

DARPP-32 co-staining was done to highlight the striatum. C) Representative western blot 1143 

probed with MAB2168 showing FL mHTT levels in the striatum at different intervals post-1144 
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injection. D, E) Quantification of relative FL mHTT levels in the D) striatum by immunoblot (N=3-1145 

5 per timepoint. One-way ANOVA p < 0.0001. Tukey’s multiple comparison test of 0.5hrs 1146 

compared to other timepoints ***p = 0.005, ****p < 0.0001), E) CSF by IP-FCM (N=5-6. One-1147 

way ANOVA p < 0.0001 .Tukey’s multiple comparison test for relative mHTT levels at 0.5hrs 1148 

compared to other time points *p = 0.0495, **p = 0.0041, ***p = 0.007, ### p = 0.0003). A second 1149 

y-axis showing the % injected dose that was cleared to the CSF (area under curve = 18.82% ± 1150 

4.319%) was added based on a standard curve generated using FL mHTT Q67 protein. F) 1151 

Graphical overview of experimental design where WT animals received a unilateral ICV injection 1152 

with 500ng of FL mHTT Q67 and brain, CSF and plasma were collected at different timepoints 1153 

post-injection. G, H) Quantification of mHTT in the G) CSF by IP-FCM (N=4-8 per timepoint. 1154 

One-way ANOVA p = 0.0041. Tukey’s multiple comparison test of 0.5hrs compared to other 1155 

timepoints *p = 0.0146, **p = 0.0046, #p = 0.0319), and H) plasma by TR-FRET (N=4-8 per 1156 

timepoint. One-way ANOVA p=0.1768) at different timepoints post-injection. I) Graphical 1157 

overview of experimental design where WT animals received an intravenous bolus injection with 1158 

500ng of FL mHTT Q67 and brain, plasma and CSF were collected at different timepoints post-1159 

injection. J, K) Quantification of mHTT in the J) plasma by TR-FRET (N=3-5 per timepoint. One-1160 

way ANOVA p = 0.0009) and K) CSF by IP-FCM (N=3-4 per timepoint. One-way ANOVA p = 1161 

0.1167). 1162 

 1163 

Figure 6. Correlative reduction of plasma mHTT following ASO-mediated mHTT 1164 

suppression in the CNS. Hu97/18 mice received a unilateral ICV bolus injection of either PBS 1165 

vehicle or ascending doses (15, 25, 75, or 150 μg) of an ASO against human HTT, and 4 weeks 1166 

later tissues and plasma were collected for mHTT quantification by IP-FCM. A, B) Quantification 1167 

of mHTT protein from A) brain lysates (N=8 per dose, Log transformed linear regression R2 = 1168 

0.3773, p < 0.001) and B) plasma (N=5-7 per dose, Log transformed linear regression R2 = 1169 
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0.2977, p < 0.01) after ASO treatment demonstrates dose-dependent reduction of mHTT. C) 1170 

Quantification of mHTT protein from liver lysates shows no reduction following CNS ASO 1171 

treatment (N=3-8 per dose. Log transformed linear regression R2 = 0.0020, p = 0.8416). D) 1172 

Comparison of mHTT IP-FCM MFI signal in brain and plasma following ASO-induced CNS HTT 1173 

reduction shows a significant positive correlation (R2=0.5444. p < 0.0001), suggesting that the 1174 

CNS contributes to circulating mHTT protein. Data for panel A was previously shown in 1175 

(Southwell et al., 2015).  1176 

 1177 

Figure 7. Suppression of the glymphatic system in the brain of Hu97/18 mice reduces 1178 

clearance of mHTT to the CSF and plasma. A) Representative western blot and B) 1179 

quantification of AQP4 protein levels in the cortex following a 28 day treatment with either PBS 1180 

or an AQP4 ASO (N=6-8. One-way ANOVA p = 0.0003. Tukey’s multiple comparison test *p = 1181 

0.0161, ***p = 0.0004). C) Representative western blot and D) quantification of AQP4 protein 1182 

levels in the striatum following a 28 day treatment with either PBS or an AQP4 ASO (N=6-8. 1183 

One-way ANOVA p < 0.0001. Tukey’s multiple comparison test compared to PBS ***p = 0.0003, 1184 

###p = 0.0002). E) Graphical overview of experimental design to evaluate the contribution of 1185 

glymphatic clearance to mHTT in biofluids under basal and neurotoxic conditions. Hu97/18 mice 1186 

received a unilateral bolus injection of PBS or AQP4 ASO and biofluids were collected 28 days 1187 

later. Under neurotoxic conditions, Hu97/18 mice received either PBS or QA on day 25 of ASO 1188 

treatment and biofluids were collected 3 days later for mHTT measurement. Quantification of 1189 

mHTT levels following AQP4 ASO treatment under basal conditions showed a F) 23% reduction 1190 

in CSF mHTT (N=8-9. Unpaired t-test **p = 0.0080) and G) 49% reduction in the plasma mHTT 1191 

(N=6-8. Unpaired t-test **p = 0.0038). H) IHC images of brains stained with Fluro-Jade C 1192 

following IS injection of PBS or QA showing the formation of a lesion. I, J) In PBS injected 1193 

animals, treatment with AQP4 ASO resulted in a I) 23% reduction in CSF mHTT (N=4-6. Two-1194 
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way ANOVA ASO treatment p = 0.0263, QA treatment p = 0.0070, interaction p = 0.5458. 1195 

Sidak’s multiple comparison test p = 0.3417 PBS/PBS compared to AQP4 ASO/PBS) and J) 1196 

28% decrease in plasma mHTT signal (N=13-16. Two-way ANOVA ASO treatment p = 0.0090, 1197 

QA treatment p = 0.0005. Sidak’s multiple comparison test #p = 0.0403 PBS/PBS compared to 1198 

AQP4 ASO/PBS), consistent with the effects of AQP4 ASO treatment under basal conditions. 1199 

Similarly, in QA injected animals, treatment with AQP4 ASO led to I) a 38% reduction of CSF 1200 

mHTT (N=4. Sidak’s multiple comparison test p = 0.1057 PBS/QA compared to AQP4 ASO/QA) 1201 

and J) a 27% reduction in plasma mHTT signal (N=7-8. Sidak’s multiple comparison test p = 1202 

0.2043 PBS/QA compared to AQP4 ASO/QA), suggesting that the glymphatic system 1203 

contributes to mHTT clearance under neurotoxic injury. Under neurotoxic conditions, QA 1204 

injection in PBS treated animals resulted in a I) 46% increase in CSF (N=4-6. Sidak’s multiple 1205 

comparison test *p = 0.0281 PBS/PBS compared to PBS/QA) and J) a 38% increase in plasma 1206 

mHTT signal (N=8-16 per treatment condition. Sidak’s multiple comparison test *p = 0.0175 1207 

PBS/PBS compared to PBS/QA), demonstrating a similar effect of QA in both compartments. 1208 

Finally, AQP4 ASO treated animals injected with either PBS or QA resulted in I) a 31% increase 1209 

in CSF (N=4. Sidak’s multiple comparison test p = 0.2036 AQP4 ASO/PBS compared to AQP4 1210 

ASO/QA) and J) a 39% increase in plasma mHTT signal (N=7-13. Sidak’s multiple comparison 1211 

test $p = 0.0226 AQP4 ASO/PBS compared to AQP4 ASO/QA). K) Quantification of albumin 1212 

levels in the CSF to demonstrate that total protein levels are similar following treatment with 1213 

either PBS or AQP4 ASO (N=4-6. Unpaired t-test p = 0.7181). 1214 

 1215 

Figure 8. HTT is cleared from the brain to the CSF by active mechanisms. A) HTT is 1216 

secreted from neurons in the CNS via a late endosomal/lysosomal secretory pathway. 1217 

Pharmacological inhibition of nSMase using small molecule inhibitors, GW4869 in vitro and 1218 

PDDC in vitro or in vivo, can reduce secretion of HTT. B) (top panel) Once in the extracellular 1219 
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space, HTT is cleared from the parenchyma by convective bulk CSF flow facilitated by AQP4 1220 

water channels localized at astrocyte end-feet. B) (bottom panel) Under neurodegenerative 1221 

conditions, HTT is released from dying neurons into the extracellular space and is cleared by 1222 

the glymphatic system into the CSF and blood. 1223 

 1224 
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