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Abstract

A growing body of literature describes the anti-inflammatory, neuroprotective, and anti-
epileptic properties of the cannabis sativa constituent cannabidiol, suggesting that it might play
a useful role in the treatment of neurodegenerative diseases. Late infantile neuronal ceroid
lipofuscinosis (CLN2 disease) is a rare pediatric neurodegenerative disorder resulting from an
inherited dysfunction of the lysosome. CLN2 disease, and its representative animal models,
display neuroimmune response, neuroinflammation, neurodegeneration, and epileptic seizures,
and these symptoms are all touted as potential targets of cannabidiol therapeutic benefit. Here,
we treated a valid model of CLN2 disease with long-term daily cannabidiol (300mg/kg) from 1
month of age until disease end stage and evaluated epileptic seizures, lifespan, and markers of
neuroimmune response. Chronic cannabidiol treatment significantly delayed or fully eliminated
seizures in CLN2 mice compared to those treated with vehicle only, and the treatment led to a
nearly significant extension of lifespan. These effects occurred in the absence of any
therapeutic benefit to physiological markers of disease such as GFAP, CD68, and
cytokine/chemokine reactivity. Taken together, we show that chronic treatment with cannabidiol
confers significant anti-seizure benefit to the mouse model of CLN2 disease, and that it does not
appear to do so by altering the inflammatory and neuroimmune markers traditionally used to

track CLN2 disease progression.
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Introduction

Mutations in the TPP1/CLN2 gene encoding the lysosomal enzyme tripeptidyl peptidase
1 (TPP1) cause CLN2 disease or late infantile Neuronal Ceroid Lipofuscinosis, previously
referred to as classical late infantile Batten disease(1). Children with CLN2 disease experience
developmental delay, epilepsy, and early death(2,3). There is currently one FDA-approved
therapy for CLN2 disease, which involves regularly supplying recombinant TPP1 enzyme into
the lateral ventricle via a chronic port. This treatment (Brineura enzyme replacement therapy)
slows the progression of disease and improves some clinical symptoms(4). It must be supplied
for the life of the patient and is administered in two-week increments. Despite some benefit,
enzyme replacement therapy does not completely prevent or reverse progression of the
disease, so most patients continue to have impairing neurological symptoms. The need for
developing novel treatments for CLN2 disease is clear.

In recent years, purified cannabidiol (CBD; drug name Epidiolex) from the cannabis
sativa plant has been approved for the treatment of seizures in children with Dravet Syndrome,
Lennox-Gastaut Syndrome, and Tuberous Sclerosis Complex. Addition of CBD to existing anti-
seizure drug regimens leads to an additional reduction in seizure frequency in children with
these conditions(5—7). Anecdotally, some families of NCL patients report that various cannabis
products help control their children’s seizures. However, there have been no controlled studies
in children with CLN2 disease or animal models of the disease. There are many reports of other
effects of CBD in animal models of disease. Germane to CLNZ2, it has been shown that CBD
may have anti-inflammatory, neuroimmunomodulatory, and neuroprotective effects(8—12). Our
own work evaluated the effects of chronic CBD therapy in the mouse model (CIn17) of a related
disorder, CLN1 disease/infantile NCL, previously referred to as infantile Batten disease. We
showed that chronic oral administration of CBD reduced the neuroimmune response in areas of

the thalamus and cortex, well-established as being severely affected regions of the CNS(13,14).

3


https://doi.org/10.1101/2025.11.17.688949
http://creativecommons.org/licenses/by/4.0/

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.17.688949; this version posted November 18, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under a CC-BY 4.0 International license.

CBD appears to have limited neuroprotective effects as measured by neuron count and cortical
thickness, however these measures were taken at CLN1 disease end-stage. There also
appeared to be no effect of CBD on seizure frequency in the Cin17- mouse. Importantly, based
on existing literature, the dose of CBD that was administered to the CIn717- mouse was relatively
low compared to those used in other disorders (11,15-17). It is our belief that a higher dose of
CBD may yield a more positive therapeutic benefit.

A mouse model of CLN2 disease harboring the CIn2R207X mutation displays some
important similarities to the CIn717- mouse we previously characterized. It shows many of the
same phenotypes including neuroimmune response, neurodegeneration, and spontaneously
arising seizures(14,18,19). Of particular interest is that the seizure phenotype observed in CLN2
mice is more profound than that seen in CIn17 mice; the onset of seizures is earlier and the
CLN2 mice typically die within minutes of a seizure(20). In addition, though there are some
important differences in onset and severity of the pathology, CIn27?9”X mice show microglial and
astrocyte activation and neuron loss like that seen in the Cin1/ mouse in the same central
regions. Just like in the CIn17- mouse, the pathogenesis of seizures in the CIn2R207Xremains
unknown.

Given the limited effects of the 100mg/kg dose on the neuroimmune response and no
relief of seizures in the CIn1- mouse, we chose a higher dose (300mg/kg) for the CLN2 mouse.
This dose falls within the range of those used in other preclinical seizures
model(11,12,15,16,21). We reasoned that a relatively high dose of CBD would be necessary for
this more rapidly progressing disease model with more severe seizures. We evaluated the
effects of chronic CBD therapy on glial activation, disease-associated pathology, seizure
frequency, and lifespan in the CIn2R20”X mouse model of CLN2 disease. We found that, even in
the absence of improvements to any known CLN2-related pathophysiology, chronic treatment
with 300mg/kg CBD significantly delays or prevents seizures and nearly significantly extends

the lifespan of the mouse.
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87
88  Methods
89  Animals. The CIn2R207X mouse was first generated as described by Geraets et al.(22). For this
90 study, mice were generated from in-house crosses of heterozygous CIn2R207X mice as detailed
91  previously(23). All mice were housed in an animal facility at Washington University School of
92  Medicine under a 12h light/12h dark cycle and had access to food and water ad libitum. Seizure
93 activity was monitored by continuous video/EEG recordings in a total of 31 mice, both male and
94  female, all CIn2R207X |t was our aim to evaluate an even number of mice in each treatment
95  group, but limitations on animal colony survival and apparatus availability led to a slightly
96 uneven distribution. For seizure monitoring, 16 CBD-treated and 15 vehicle treated mice
97 completed evaluation; these mice were all used for lifespan data as well. A separate cohort of
98 mice was used to harvest tissues for various pathological and biochemical assays. Of this
99  second cohort, immunostaining was performed on 20 CIn2R207Xbrain hemispheres (10 CBD-
100 treated and 10 vehicle-treated) as well as 5 WT mice, while cytokines were measured in 26
101 brain hemispheres (8 CIn2R207X mice treated with CBD, 8 CIn2R20”Xmice treated with vehicle, 5
102  WT mice treated with CBD, and 5 WT mice treated with vehicle. The concentration of CBD was
103  measured by mass spectrometry on brain homogenates from 8 CIn2r?97X animals, 4 of which
104  were treated with CBD while the other 4 were treated with vehicle only.
105
106  CBD administration. Cannabidiol was prepared in flavored gelatin cubes that were provided to
107  the mice for voluntary oral consumption. Our own previous work(13) details preparation of the
108 gelatin cubes, though here they were made to contain either CBD (300mg/kg) in ethanol, or
109  ethanol only. It was confirmed that across 14 consecutive days, mice reliably consume 60-75%
110  of the gelatin cube (by weight; data not shown). CBD was dosed accordingly such that this
111 proportion of a cube would contain the intended dose. Gelatin was provided to mice just prior to
112  the onset of the dark cycle each day, with any remaining remnants replaced by a fresh cube the
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113  following day at the same time. This occurred every day from the age of 1 month until death (in
114  the case of the EEG-monitored mice), or until the age of 3 months (for all other measures).

115 To confirm delivery of pure CBD to the brain via voluntary oral administration, brains of
116  mice were analyzed via mass spectrometry following 2 months of daily CBD access, as detailed
117 below.

118

119 Tissue collection. After 2 months of treatment with either CBD or vehicle, mice were euthanized
120  via ip. injection of Fatal-Plus (Vortech Pharmaceuticals, Dearborn, MI, USA) and then perfused
121 with PBS. The brain was removed, and one hemisphere was immediately flash-frozen in liquid
122  nitrogen (for mass spectrometry and/or cytokine analysis) while the other was submerged in a
123  solution of 4% paraformaldehyde in PBS for 48h to prepare for histological evaluation. After this
124  48h, preserved brain hemispheres were transferred to 30% sucrose in 40mM TBS (pH 7.6) until
125  processing.

126

127  Immunostaining. Sections of fixed brain tissue were stained on slides using a modified

128 immunofluorescence protocol(18) for astrocytes (rabbit anti-GFAP, 1:1000, Agilent Z0334) and
129  microglia (rat anti-mouse CD68, 1:400, Bio-Rad MCA1957) essentially as described previously
130  (3). Coronal sections of 40um were cut via Microm HM430 freezing microtome (Microm

131 International GmbH, Wallendorf, Germany) and mounted on Superfrost plus slides (Fisher

132  Scientific). After air-drying for 30min, slides were blocked in 15% serum solution (Normal goat
133  serum, S-1000 Vector Laboratories) in 2% TBS-T (1 x Tris Buffered Saline, pH 7.6 with 2%

134  Triton-X100, Fisher Scientific) for 1h. Slides were incubated in primary antibody in a 10% serum
135  solution in 2% TBS-T for 2h, after which they were washed three times with 1xTBS. Slides were
136  then incubated in fluorescent Alexa-Fluor-labelled IgG secondary antibodies (Alexa-Fluor goat
137  anti-rabbit 488 Invitrogen A-11008, goat anti-rat 546 Invitrogen A-11081, both at 1:400 dilution)

138 in 10% serum in 2% TBS-T for 2h. Another three 1xTBS washes were applied to the slides
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139  before they were incubated in a 1x solution of TrueBlack lipofuscin autofluorescence quencher
140  (Biotium, Fremont, CA) in 70% ethanol for 2 min each. Slides were rinsed again with 1xTBS and
141 coverslipped in fluoromount-G mounting medium with DAPI (Southern Biotech, Birmingham,
142 AL).

143

144  Thresholding image analysis. A semi-automated thresholding image analysis method(18) was
145  performed to quantify glial activation in specific areas of interest. The ventral

146  posteromedial/posterolateral (VPM/VPL) nuclei of the thalamus and the somatosensory barrel
147  field (S1BF) were demarcated(24) after slides were scanned at 10x magnification. A one-in-six
148  series of sections were captured per animal and lamp intensity, camera setup, and calibration
149  were kept constant throughout image capture. Collected images were then analyzed using

150 Image-Pro Premier (Media Cybernetics) to set a threshold that selected foreground

151  immunoreactivity above background. This threshold was applied as a constant to all images for
152  each region of interest and specific to the reagent used to detect immunoreactivity for each

163  antigen.

154

185  Mass spectrometry. Frozen brain tissue was analyzed in triplicate via liquid chromatography-
156  tandem mass spectrometry (LC-MS/MS) as previously described (3) with minor modifications.
157  Four pL injections of each sample were separated on a C18 column eluted at 0.25 mL/min with
158  H,0O with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B) using the following

159  gradient: 50% B (0-2 min), 50% B to 100% B (2-10 min), 100% B (15-16 min), and

160 reequilibrated at 50% B (16-20 min). Sample ionization utilized a heated ESI source with the
161  following settings: Spray voltage +3800 v, sheath gas 50 (arb), auxiliary gas 5 (arb), sweep gas
162 2 (arb), ion transfer tube 325 °C, and vaporizer temperature 200 °C. CBD and d3-CBD (IS) were
163  detected using SRM (selected reaction monitoring). For CBD, the precursor ion was 315.2 m/z,

164  and 259.21 m/z (collision energy 28.38 V) and 193.16 m/z (collision energy 32.34 V) were the
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165  productions. For d;-CBD, the precursor ion was 318.3 m/z, and 262.21 m/z (collision energy
166  29.35 V) and 196.20 (collision energy 34.32 V) were the product ions. The SRM properties were
167  as follows: Cycle time 0.8 s, Q1 resolution 0.7 FWHM, Q3 resolution 1.2 FWHM, CID gas (N,)
168 1.5 mTorr, and source fragmentation O.

169

170  Cytokine assays. Measures of chemokines and cytokines in brain homogenates were generated
171 using a 12-biomarker Multi-Analyte Profile (MYRIAD RBM) using standard Luminex technology.
172  The method has been previously described(13,25) and includes the following analytes: IL-10,
173 IL-1B, IP-10, IL-4, IL-5, IL-6, IFN-y, IL-12p70, GRO-a, TNF-a, MCP-1, and MIP-1§.

174

175  Electroencephalography (EEG) electrode surgery. CIn2R?97X mice were implanted with EEG

176  electrodes at postnatal day (PND) 53 essentially as described previously (13). Briefly, mice

177  were placed under general anesthesia and kept warm while a midline vertical incision exposed
178  the skull. The skull was cleaned and dried, then burr holes were made (anterio+0.5mm,

179  lateral£0.5mm; bregma) using a micro drill before screws were secured to the skull and

180 reference electrodes placed. Two bilateral “active” recording electrodes were placed over the
181 parietal cortex (posterior -2.5mm, lateral£1.5mm; bregma), then a ground screw was placed

182  over the cerebellum (posterior -6.2mm, lateral+0.5mm; bregma) via the same method as above.
183  Dental cement (SNAP, Parkell) was applied to the exposed skull, screw, and wires to secure the
184  pin header for subsequent recording. The skin was sutured, and tissue glue (Vetbond, 3M)

185  closed the remainder of the incision, then mice received Buprenorphine (0.1mg/kg) while

186 recovering in a warming chamber. After recovery, mice were placed in individual recording

187  cages(13,26).

188

189  Video-EEG monitoring. Mice were allowed to recover for at least 72h before simultaneous

190 video/EEG monitoring began. A custom flexible cable was attached to the exposed pin header,
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and bilateral cortical EEG signals were collected using a referential montage via Stellate or
LabChart (ADInstruments) acquisition software and amplifiers. As previously described (13,26),
EEG signals were amplified, filtered, digitized, time-locked to video, and collected continuously
until death or euthanasia. Electrographic seizures were identified by their characteristic pattern
of discrete periods of rhythmic spike discharges that evolved in frequency and amplitude lasting
at least 10 seconds, typically ending with repetitive burst discharges and voltage suppression.
These instances were matched against corresponding video to confirm the spontaneous seizure
behavioral phenotype (tail stiffening, abnormal rearing posture, “popcorn-like” and often violent
propulsion about the chamber followed by stiffened immobility). A total of 31 CIn2R207X mice (16
males, 15 females) were continuously monitored for EEG activity starting at PND 60, or
approximately 2 months of age. Outcome variables include seizure occurrence, seizure

duration, time between seizure and death, and lifespan.

Statistical analysis. Data was analyzed using IBM SPSS Statistics (v28) software as well as

GraphPad Prism 9. Where assumptions of normality were met, groups were compared using a
Student’s t-test, and when data was distributed non-normally the nonparametric Mann-Whitney
U-test was employed. A log rank Mantel-Cox analysis was used to evaluate survival. A p value
< 0.05 was considered statistically significant. Data are expressed as mean + standard error of

the mean (SEM) except where indicated otherwise.

Results

CBD administration. Following two months of oral CBD administration, brain tissue from the four
treated CLN2 mice contained an average of 28.53 + 7.13ng of CBD per gram of brain tissue at
time of euthanasia. The amount of CBD was below the level of quantification (LOQ) in the four

vehicle-treated mice. Similar to a previous study in the CLN1 mouse (13), mass spectrometry
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216  confirmed that voluntary oral consumption of CBD via gelatin cube delivers measurable levels of
217  drug to the brain.

218

219  Neuroimmune and neuroinflammatory responses. Previously, immunohistology performed on
220 untreated CIn2R?97X mouse brain tissue revealed significantly increased GFAP and CD68 signal
221 throughout the cortex and in the thalamus(22,23). Similarly, in the current study, GFAP and

222  CD68 staining in vehicle-treated CIn27?97X mouse S1BF and VPM/VPL were significantly

223  elevated compared to that seen in untreated WT mice. Chronic treatment with cannabidiol did
224  not reduce the levels of either glial marker of neuroimmune response (Figure 1). We analyzed
225  cytokines and chemokines in CBD- and vehicle-treated mouse brains to survey for inflammatory
226  effects (Figure 2). Broadly speaking, these markers can be grouped into three categories: anti-
227  inflammatory cytokines (IL-10, IL-4, and IL-5), monocyte activators (IP-10, MCP-1, and MIP-13),
228  and pro-inflammatory cytokines (IL-1B, IL-6, IFN-y, IL12p70, GRO-a, and TNF-a)(25). In

229  CIn2R297X prain tissue exposed to CBD for 2 months, analysis revealed significantly increased
230 levels of IL-1B compared to CIn2R297X mice treated with vehicle only. There were no other

231  differences between CBD-treated and vehicle-treated CIn2R?97X tissue on the

232  cytokine/chemokine panel, and CBD treatment did not lead to any effect on levels measured in
233  WT mice. Like in our previous findings(23), vehicle-treated CIn2R207X mice did not differ from

234  vehicle-treated WT mice on levels of the pro-inflammatory cytokines IL-18, IL-6, and GROa,

235  whereas here the CBD-treated CIn2R207X mice showed increased levels of each compared to the
236  same group (p = .004, p = .021, and p = .042 respectively).

237

238  Seizure activity. Chronic treatment with CBD significantly delayed or prevented the occurrence
239  of afirst seizure in CIn2R207X mice [log-rank (Mantel-Cox) test, p = 0.033; Figure 3a]. Median age
240  of first seizure in CBD-treated mice was 129 days, while median age of first seizure in vehicle-
241  treated mice occurred at 113 days. A graphic depiction of seizure occurrence across lifespan for

10
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242  each mouse can be seen in Figure 3b. Though treatment with cannabidiol did not reduce the
243  number of seizures per mouse (Mann-Whitney U = 77.50, p = 0.327) there was a trend towards
244  areduced mean duration as measured by EEG activity (t = 1.870, df = 79, p = 0.065; Figure 3c).
245  When considering all mice, the mean duration of a single seizure per mouse was reduced by
246  treatment with CBD (Mann-Whitney U = 68.50, p = 0.038; Figure 3d); when considering only
247  mice that experienced at least one seizure, excluding any mice that did not, there was a trend
248  toward reduced mean seizure duration in CBD-treated mice (t = 1.890, df= 19, p = 0.074;

249  Figure 3e).

250

251  Lifespan. CIn2R207X mice treated with CBD lived longer than CIn2R297X mice treated with vehicle
252  alone, but this lifespan extension did not quite reach statistical significance (t = 2.025, df = 29, p
253  =0.052; Figure 3f) when measured by numbers of days survived; a log-rank (Mantel-Cox) test
254  revealed no such trend (p = 0.137; Figure 3g) owing largely to a single overlapping data point in
255  the longest-lived mice.

256

257 Discussion

258 The purpose of this research was to evaluate whether chronic cannabidiol administration
259  improved well defined pathology and seizure phenotypes in the CIn2R20”X mouse model of CLN2
260 disease. This rodent model recapitulates many facets of the human condition including CNS
261 neuroinflammation and neuroimmune response, severe and fatal seizures, and a dramatically
262  shortened lifespan. We chose an oral route of administration in order to more closely mimic how
263  CBD is administered to patients, with the additional benefit that this delivery method is

264  essentially ‘hands-off’. Animal stress is a critical variable since CIn2R207X mice are very reactive
265 to any perturbation. Anecdotally, entire cages of CIn2R29”X mice can die simply by being

266 transferred between buildings via standard and accepted methods. We have also noticed that
267 these mice are over-reactive to handling and often experience a fatal seizure as a result. It is

11
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268  known that seizures frequently lead to death in CIn2R?97”X mice(20), and the gelatin cube method
269 we employed here aided us in avoiding, or minimizing the risk of, this fate. We acknowledge that
270 relying on the mice to voluntarily consume a flavored gelatin cube containing drug does not

271  guarantee strict control over total dosage and timing. However, we found that most mice reliably
272  consume 60-75% of the cubes over a 24h span(13). Most importantly, we confirmed delivery of
273  CBD via this method to the brain of CIn2R?°”X mice via mass spectrometry.

274 It is important to note here that CBD was administered in the absence of any other

275  treatment that addressed the underlying genetic cause (ERT or gene therapy) or any other

276  supportive care (i.e. anti-seizure or anti-inflammatory drugs). Here we show that while long-term
277  treatment with CBD alone did not show a beneficial effect on neuroinflammation or

278  neuroimmune response, it does delay or prevent seizures while nearly having a significant

279  impact upon the lifespan of CIn2R207X mice. The delayed onset or prevention of seizures,

280 coupled with a nearly increased lifespan, is a remarkable finding given that the treatment

281 appears not to have affected the well-described CNS pathology associated with CLN2 disease.
282 Given what little is known about CBD’s precise mechanisms of actions, there is no reason to
283  Dbelieve that the drug would address the underlying cause of CLN2 disease, TPP1 deficiency(1).
284  ltis not entirely unexpected, then, that CNS CLN2 pathology would be unaffected by a

285 treatment that does not correct the underlying cause. Yet there is much evidence that CBD can
286 reduce neuroinflammation in some circumstances, and that it can reduce seizures via thus far
287  unknown mechanisms(5—12). Outside of the CNS, recent evidence reveals life-limiting disease
288  pathology in the enteric nervous system (ENS), including the bowel (25,27-29). Given the oral
289  route of administration we employed in the current study, it would follow that CBD might greatly
290 impact the ENS leading to improved quality, and duration, of life. Regardless the mechanism,
291  we have provided more evidence that chronic oral delivery of CBD alone can have a positive

292  effect on seizures in a murine model of a particularly devastating neurodegenerative lysosomal
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293  storage disorder. In this way, it may be ripe for use as an adjunctive therapy, a treatment added
294  to enzyme replacement therapy or the much-studied AAV-mediated gene therapy.

295 CBD has been widely touted as having antiseizure and anti-inflammatory properties. The
296  CIn2R97X mouse develops seizures naturally and as a consequence of known disease

297  progression(20). Accordingly, this model system provides an authentic test of the symptom as
298 compared to publications touting antiseizure effects in inducible models(8—12). In this mouse
299  model of severe disease, chronic treatment with the drug significantly delayed or prevented

300 development of seizures. Comparison via log-rank statistical analysis revealed that daily

301  300mg/kg cannabidiol delayed seizures in CIn2R207X mice by 16 days compared to vehicle-

302 treated counterparts. Importantly, these 16 days account for nearly 15% of the average lifespan
303  of vehicle-treated CIn2R207X mice in this study. It is notable that 5 of 16 CBD-treated mice never
304 developed seizures, and the 3 vehicle-treated mice that were seizure-free died quite early

305 compared to expected lifespan. Relatedly, CBD treatment nearly led to the CBD-treated mice
306 living significantly longer than the vehicle-treated mice. The increase in lifespan of 15 days

307 amounts to a 13% increase over the vehicle-treated CIn2r297”X mice. Again, this is remarkable
308 based on the fact that neither the primary enzyme deficiency nor the profound changes in

309 chemokines and cytokines or the neuroimmune response were treated.

310 We probed known CNS disease pathology for treatment effects, and to seek possible
311 mechanisms for any effect CBD might have on the CIn27297”X mouse. We surveyed

312  immunohistology evidence of neuroimmune response, including the astrocytosis marker GFAP
313  and the activated macrophage marker CD68, which are invariably elevated in the CIn2R207X

314  mouse brain(20,22). Specifically, the VPM/VPL of the thalamus and the S1BF of the cortex

315  show significantly increased GFAP and CD68 immunoreactivity, respectively, in the CLN2

316  mouse model at 3 months of age(20). Here we recapitulated that finding and also report that
317 chronic CBD treatment did not affect these measures at 3 months of age, when these mice are
318  very severely affected. Our findings seem to indicate that: 1) chronic 300mg/kg of CBD does not
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319  improve measures of neuroimmune response known to be elevated in CLN2 disease, and 2) the
320 positive effects on seizure and lifespan conferred by CBD are unlikely to be due to any effect on
321  the neuroimmune response as measured here.

322 To evaluate disease-related neuroinflammation, we measured levels of 12 markers of
323  cytokines and chemokines in brain tissue (Fig. 3). Generally speaking, these can be grouped
324  into three categories: anti-inflammatory, pro-inflammatory, and monocyte activator. Brains from
325  CIn2R97X mice treated with vehicle exhibited significantly increased levels of the monocyte

326  activators IP-10, MCP-1, and MIP-1B compared to brains from WT mice treated with vehicle
327  only. This is unsurprising given the known effects of the disease on some markers of the

328 immune system(20). Treatment with 300mg/kg CBD led to neither a reduction in any pro-

329 inflammatory marker, nor an increase in any anti-inflammatory marker compared to the vehicle-
330 treated mice. In fact, in CIn2/?97X mice, CBD treatment led to a statistically significant increase in
331  the pro-inflammatory markers IL-1(3, IL-6, and GROa (known also as CXCL1) compared to the
332  vehicle group. It is worth nothing that while IL-6 is purported to be a pro-inflammatory marker in
333  the central nervous system, it is suggested to play an anti-inflammatory role in the periphery,
334  and specifically in muscles(30). As noted above, parts of the digestive system are significantly
335 affected by CLN2 disease pathology. An in-depth survey of the enteric system would reveal the
336 effects of cannabidiol on significant inflammation in a crucial system in the periphery. In the

337  current study, while CBD exerted anti-seizure effects in the CIn2R207X mice, it may not have done
338  so via the neuroinflammation markers we surveyed, or it may have done so in a way that was
339 antithetical to expectations.

340 Interestingly, while our previous work showed that chronic CBD reduced neuroimmune
341  response in the CLN1 mouse, we did not find the same here. This difference might be viewed
342  as somewhat of a conundrum in that the dose that was given to the CLN1 mouse was

343  considerably lower than the one we used here (100mg/kg vs. 300mg/kg). However, it is

344  important to note that although CLN1 disease and CLN2 disease are both within the family of
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345  NCL diseases, their differences are significant. The enzymes that are deficient in each disease,
346 PPT1 in CLN1 and TPP1 in CLN2, have very different substrate specificities. PPT1 removes
347 fatty acyl chains from palmitoylated proteins while TPP1 removes a unit of three amino acids
348  from the amino terminus of proteins(31). As a result, accumulating substrates and altered

349  organelle functions are different between CLN1 and CLN2 disease, likely resulting in different
350 cellular consequences. Perhaps not surprisingly, the progression of disease pathology also

351  appears to follow a different pattern in these mouse models. Pathology is first detectable in the
352  spinal cord of CLN1 mice, then progresses to the thalamus and later the cortical areas. In

353  contrast, the pathology in the CLN2 mouse is first detectable in the cortex, then later in the

354  thalamus and spinal cord. It is also worth noting that the nature and timing of neuroimmune
355  response and neuron loss differs between the two models (14,20,32—-34) and that disease

356  progression, based on lifespan and outwardly obvious symptoms, seems to be more rapid and
357 severe in CLN2 mice. Given these patterns, it may not be surprising that the two mouse models
358  of disease respond differently to CBD administration.

359 Use of CBD as therapy for a litany of conditions continues to spread, and a growing

360 body of literature supports its effectiveness even in the absence of distinct mechanisms.

361 Similarly, we were unable to determine the mechanism by which CBD exerted its positive

362  effects on the CLN2 mouse. However, chronic oral administration of CBD conferred anti-seizure
363 and life-extending benefits to the CIn2R207X mice, perhaps due to treating disease outside of the
364 CNS. Clearly more sensitive or comprehensive methods must be employed to determine the
365 mechanism of CBD action in this model system. This experiment was not designed as a dose-
366 response study. Rather, we chose a dose of CBD that is comparable to what is used clinically.
367  Based on the half-life of CBD in humans and mice(35), the dose we provided our CLN2 mice
368  (300mg/kg) is roughly equivalent to 10mg/kg in humans, falling well within the range used

369 clinically. It is certainly possible that a higher dose of CBD or earlier initiation of treatment would
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370  have resulted in greater therapeutic efficacy. Alternatively, CBD might synergize with other anti-
371 seizure drugs or with a therapy that specifically targets the underlying genetic cause.

372

373  Conclusions

374 Taken together, we provide evidence that chronic cannabidiol can protect against

375  seizures and nearly increase lifespan, even in the absence of improving known pathology, in the
376  CIn2R20”X mouse model of CLN2 disease.

377

378  Acknowledgements

379 The authors give a special thanks to Stephen and Sandra Lehrman and the Lehrman
380 Family Fund for providing financial support to complete this work. Thanks also to the Batten

381 Disease Support and Research Association for research support, and to Dr. Russell B. Williams
382  atthe Proteomics and Mass Spectrometry Facility of the Donald Danforth Plant Science Center

383  who performed LC-MS/MS analysis on instruments purchased with DDPSC funds.

384

385

386 1. Mole SE, Cotman SL. Genetics of the Neuronal Ceroid Lipofuscinoses (Batten disease).
387 Biochim Biophys Acta. 2015 Oct;1852(10 0 0):2237-41.

388 2. Nickel M, Simonati A, Jacoby D, Lezius S, Kilian D, Van de Graaf B, et al. Disease

389 characteristics and progression in patients with late-infantile neuronal ceroid lipofuscinosis
390 type 2 (CLN2) disease: an observational cohort study. Lancet Child Adolesc Health. 2018
391 Aug;2(8):582-90.

392 3. Fietz M, AlSayed M, Burke D, Cohen-Pfeffer J, Cooper JD, Dvofakova L, et al. Diagnosis of
393 neuronal ceroid lipofuscinosis type 2 (CLN2 disease): Expert recommendations for early
394 detection and laboratory diagnosis. Molecular Genetics and Metabolism. 2016 Sept

395 1;119(1):160-7.

396 4. Schulz A, Ajayi T, Specchio N, de Los Reyes E, Gissen P, Ballon D, et al. Study of

397 Intraventricular Cerliponase Alfa for CLN2 Disease. N Engl J Med. 2018 May

398 17;378(20):1898-907.

399 5. Georgieva D, Langley J, Hartkopf K, Hawk L, Margolis A, Struck A, et al. Real-world, long-
400 term evaluation of the tolerability and therapy retention of Epidiolex® (cannabidiol) in

401 patients with refractory epilepsy. Epilepsy & Behavior. 2023 Apr 1;141:109159.

16


https://doi.org/10.1101/2025.11.17.688949
http://creativecommons.org/licenses/by/4.0/

402
403
404

405
406
407

408
409
410
411

412
413

414
415
416

417
418
419

420
421
422

423
424
425

426
427
428

429
430
431

432
433

434
435
436

437
438
439

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.17.688949; this version posted November 18, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

10.

11.

12.

13.

14.

15.

16.

17.

18.

available under a CC-BY 4.0 International license.

Patel AD, Mazurkiewicz-Betdzinska M, Chin RF, Gil-Nagel A, Gunning B, Halford JJ, et al.
Long-term safety and efficacy of add-on cannabidiol in patients with Lennox—Gastaut
syndrome: Results of a long-term open-label extension trial. Epilepsia. 2021;62(9):2228-39.

Szaflarski JP, Devinsky O, Lopez M, Park YD, Zentil PP, Patel AD, et al. Long-term efficacy
and safety of cannabidiol in patients with treatment-resistant epilepsies: 4-year results from
the expanded access program. Epilepsia. 2022 Dec 20;

Cabral-Pereira G, Sanchez-Benito D, Diaz-Rodriguez SM, Gongalves J, Sancho C,
Castellano O, et al. Behavioral and Molecular Effects Induced by Cannabidiol and Valproate
Administration in the GASH/Sal Model of Acute Audiogenic Seizures. Front Behav Neurosci.
2021 Jan 22;14:612624.

Fallah MS, Dlugosz L, Scott BW, Thompson MD, Burnham WM. Antiseizure effects of the
cannabinoids in the amygdala-kindling model. Epilepsia. 2021 Sept;62(9):2274—-82.

Frias-Soria CL, Pérez-Pérez D, Orozco-Suarez S, Rocha L. Cannabidiol modifies the
seizure expression and effects of antiseizure drugs in a rat model of recurrent severe
seizures. Seizure. 2021 Aug;90:67-73.

Jones NA, Hill AJ, Smith |, Bevan SA, Williams CM, Whalley BJ, et al. Cannabidiol displays
antiepileptiform and antiseizure properties in vitro and in vivo. The Journal of pharmacology
and experimental therapeutics. 2010 Feb;332(2):569-77.

Kaplan JS, Stella N, Catterall WA, Westenbroek RE. Cannabidiol attenuates seizures and
social deficits in a mouse model of Dravet syndrome. PNAS. 2017 Oct 17;114(42):11229-
34.

Dearborn JT, Nelvagal HR, Rensing NR, Takahashi K, Hughes SM, Wishart TM, et al.
Effects of chronic cannabidiol in a mouse model of naturally occurring neuroinflammation,
neurodegeneration, and spontaneous seizures. Sci Rep. 2022 July 4;12(1):11286.

Kielar C, Maddox L, Bible E, Pontikis CC, Macauley SL, Griffey MA, et al. Successive
neuron loss in the thalamus and cortex in a mouse model of infantile neuronal ceroid
lipofuscinosis. Neurobiology of disease. 2007 Jan;25(1):150-62.

Consroe P, Benedito MAC, Leite JR, Carlini EA, Mechoulam R. Effects of cannabidiol on
behavioral seizures caused by convulsant drugs or current in mice. European Journal of
Pharmacology. 1982;83:293-8.

Karler R, Turkanis SA. Subacute cannabinoid treatment: Anticonvulsant activity and
withdrawal excitability in mice. Br J Pharmacol. 1980;68:479-84.

Hill AJ, Jones NA, Smith I, Hill C, Williams CM, Stephens GJ, et al. Voltage-gated sodium
(Nav) channel blockade by plant cannabinoids does not confer anticonvulsant effects per
se. Neuroscience Letters. 2014;566:269-74.

Nelvagal HR, Dearborn JT, Ostergaard JR, Sands MS, Cooper JD. Spinal manifestations of

CLN1 disease start during the early postnatal period. Neuropathol Appl Neurobiol. 2021
Feb;47(2):251-67.

17


https://doi.org/10.1101/2025.11.17.688949
http://creativecommons.org/licenses/by/4.0/

440
441
442

443
444
445
446

447
448
449
450
451

452
453
454

455
456
457

458
459

460
461
462

463
464

465
466
467

468
469
470

471
472
473
474

475
476

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.17.688949; this version posted November 18, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

available under a CC-BY 4.0 International license.

Lange J, Haslett LJ, Lloyd-Evans E, Pocock JM, Sands MS, Williams BP, et al.
Compromised astrocyte function and survival negatively impact neurons in infantile neuronal
ceroid lipofuscinosis. Acta Neuropathol Commun. 2018 Aug 8;6:74.

Takahashi K, Eultgen EM, Wang SH, Rensing NR, Nelvagal HR, Dearborn JT, et al. Gene
therapy ameliorates spontaneous seizures associated with cortical neuron loss in a
CIn2R207X mouse model. J Clin Invest [Internet]. 2023 June 15 [cited 2024 Oct 16];133(12).
Available from: https://www.jci.org/articles/view/165908

Do Val-da Silva RA, Peixoto-Santos JE, Kandratavicius L, De Ross JB, Esteves |, De
Martinis BS, et al. Protective Effects of Cannabidiol against Seizures and Neuronal Death in
a Rat Model of Mesial Temporal Lobe Epilepsy. Front Pharmacol [Internet]. 2017 Mar 17
[cited 2022 Feb 17];8. Available from:
http://journal.frontiersin.org/article/10.3389/fphar.2017.00131/full

Geraets RD, Langin LM, Cain JT, Parker CM, Beraldi R, Kovacs AD, et al. A tailored mouse
model of CLN2 disease: A nonsense mutant for testing personalized therapies. PLoS ONE.
2017 May 2;12(5):e0176526.

Takahashi K, Eultgen EM, Wang SH, Rensing NR, Nelvagal HR, Dearborn JT, et al. Gene
therapy ameliorates spontaneous seizures associated with cortical neuron loss in a
CIn2R207X mouse model. J Clin Invest. 133(12):e165908.

Paxinos G, Franklin KBJ. The Mouse Brain in Stereotaxic Coordinates: Deluxe Second
Edition. Second. Academic Press; 2001. 296 p.

Macauley SL, Pekny M, Sands MS. The role of attenuated astrocyte activation in infantile
neuronal ceroid lipofuscinosis. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 2011 Oct 26;31(43):15575-85.

Rensing NR, Guo D, Wong M. Video-EEG monitoring methods for characterizing rodent
models of tuberous sclerosis and epilepsy. Methods Mol Biol. 2012;821:373-91.

Zidtkowska EA, Heuckeroth RO, Cooper JD. Enteric nervous system disease in
neuronopathic lysosomal storage disorders. Neural Regeneration Research.
:10.4103/NRR.NRR.

Zidtkowska EA, Takahashi K, Dickson PI, Sardiello M, Sands MS, Cooper JD. Neuronal
ceroid lipofuscinosis: underlying mechanisms and emerging therapeutic targets. Nat Rev
Neurol. 2025 Sept 4;1-17.

Zidtkowska EA, Jansen MJ, Williams LL, Wang SH, Eultgen EM, Takahashi K, et al. Gene
therapy ameliorates bowel dysmotility and enteric neuron degeneration and extends survival
in lysosomal storage disorder mouse models. Sci Transl Med. 2025 Jan
15;17(781):eadj1445.

Pedersen BK, Febbraio MA. Muscle as an Endocrine Organ: Focus on Muscle-Derived
Interleukin-6. Physiological Reviews. 2008 Oct;88(4):1379—406.

18


https://doi.org/10.1101/2025.11.17.688949
http://creativecommons.org/licenses/by/4.0/

477
478
479

480
481
482

483
484
485

486
487
488

489
490
491

492
493

494
495
496
497

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.17.688949; this version posted November 18, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

31.

32.

33.

34.

35.

available under a CC-BY 4.0 International license.

Kyttala A, Lahtinen U, Braulke T, Hofmann SL. Functional biology of the neuronal ceroid
lipofuscinoses (NCL) proteins. Biochimica et Biophysica Acta (BBA) - Molecular Basis of
Disease. 2006 Oct 1;1762(10):920-33.

Bible E, Gupta P, Hofmann SL, Cooper JD. Regional and cellular neuropathology in the
palmitoyl protein thioesterase-1 null mutant mouse model of infantile neuronal ceroid
lipofuscinosis. Neurobiology of disease. 2004 July;16(2):346-59.

Macauley SL, Wozniak DF, Kielar C, Tan Y, Cooper JD, Sands MS. Cerebellar pathology
and motor deficits in the palmitoyl protein thioesterase 1-deficient mouse. Experimental
neurology. 2009 May;217(1):124-35.

Groh J, Kuhl TG, Ip CW, Nelvagal HR, Sri S, Duckett S, et al. Immune cells perturb axons
and impair neuronal survival in a mouse model of infantile neuronal ceroid lipofuscinosis.
Brain. 2013 Apr;136(Pt 4):1083—-101.

Xu C, Chang T, Du Y, Yu C, Tan X, Li X. Pharmacokinetics of oral and intravenous

cannabidiol and its antidepressant-like effects in chronic mild stress mouse model.
Environmental Toxicology and Pharmacology. 2019 Aug 1;70:103202.

19


https://doi.org/10.1101/2025.11.17.688949
http://creativecommons.org/licenses/by/4.0/

d. Anti-inflammatory

IL-10 IL-5
2.5 =
o CBD 5
204 © & VEH . &
= s 204 8 ,°,
=0 1.5- 20 1.5-
Ex EH
z ——
83 1.0 22 1.0-
= L
3 =
0.5 = 0.5
0.0~ 0.0-
CLM2 WT CLNZ WT
GENOTYPE GENOTYPE
b M t f MIP-1 beta
. n v I
onocyte activators <0.0001
IP-10 I <0.0001
MCP-1 /
0.0002 <0.0001
0.0023 [
| 00002 5 oo <0.0001
B ] b -
! 0.0007 o CBD . ! ° CBD °
- I & VEH — o 0.0137 A VEH i
= 60 n 0006 - . s 4
=1 HiBRxiv pre orlr'\?doﬂh //d0| 0rg/10.1§01/202.11.17.688949; this versj.dnﬂjbsted Nd The copyright hol<|er for this preprint _ ﬁ 3 -
\qtilch \ﬁasmot ifie peer review)is the guthor/funder, who has grgte; ioR_xiv" the preprint in pefpetuity. It is made E
-E'I e ailable under a CC-BY Ir@naﬂonc [+ o A E‘IZ
O 2 =L o 2- A
w W 5o w
= 20+ = £
1 =
0- 0- 0-
CLN2 WT CLN2 WT CLN2 WT
GENOTYPE GENOTYPE GENOTYPE
C. Pro-inflammatory
IL-6 IFN gamma IL-12p70
10+ 0.0205 0.6+
, o CBD o CBD
Fil
- 8- o a VEH _ A VEH — e
= e = =
w w w 044 o
= - 0 -l
E#+ E + E #H
oz oZ =
=20 =0 § =1~ §
w w w 0.2+
= = =
. 0.0-
CLMN2 WT CLMN2Z WT CLM2 WT
GENOTYPE GENOTYPE GENOTYPE
Pro-inflammatory
IL-1 beta
SROukpha 0.0013 TNFalpha
0.0420 !
15+ I CBD 3- 0.0044 B
o G M e CBD o
&8 VEH —
= = & VEH = 6
= E E T =l ﬁ
E+ E o EH,
23 °3
£ z = 2-
n_
CLMNZ WT CLMZ WT CLNZ WT
GENOTYPE GENOTYPE GENOTYPE

Figure2


https://doi.org/10.1101/2025.11.17.688949
http://creativecommons.org/licenses/by/4.0/

VX
a. b. avl-x
............. - :
(] bioRxiv preprint rﬂ;gﬁ:ﬂdoi.org/lO.1101/2025.11.17.688949; this version posted Nove , 20 vaélco;)y:;g;ht halaér:f&:tl{is:ﬁérint
E (which was™not ceti Yy peer review) is the author/funder, who has granted biofdy a li odisi he. preprint.in perpetuity...It.is.mggl
‘"]u- available under a CC-BY 4.0 Internaéighal lic LT T TP+
= — CED m 1 '...l ............................ ‘.,“
N h T [
@ 807 3 V] o ¢
_m n gﬁ ............................ ...,-....,-",.‘x -H
............................. s S —— Y
= 60- E H‘u‘ = - B - B
x= S e '
; b= . -.‘F“ =
40- 8 - R |
m % saua COTPTTNS .
u =il = -“ .
.E 2“‘ E “ .............................. :1 :
E S 11— %
a u_ ............................... - X
- - - - e
‘E L ' Ll I L T S 0
e wann i
AgE{dﬂy‘E} | D D D D D N D D D B B B

" Seizure Duration

d

* Avg. Seizure Duration

9 1011121314151617 1819 20 21 22 23

Age (weeks)

€. Avg. Seizure duration

(every individual seizure) {all mice) {only mice with seizures)
go 00652 g0 00383 o~  0.0741
— B0 — ‘ i - i
= = — = 4“- - b = = 40 = - ol
=z £z | ¢ + £z | =<
I-HE.' Fgln_ i g " I-uEJ_.H- ." el
£ 40- J_-F
0 T r s 1 0 T T
CBD VEH CBD VEH CBD VEH
TREATMENT TREATMENT TREATMENT
f_ Lifespan Q . Survival
200= N
0.0522 = 100
| | = ]
1504 . e ]
N LY @
o & 8® A -
| 100 :- . pE Q372
< .
2z i Z 50-
= e B ;
~ e m -l CHED
=0 E L. wEH
o ]
0 T T 0 T T T T 1
CBD VEH i 40 80 120 160 200
TREATMENT Days

Figure3


https://doi.org/10.1101/2025.11.17.688949
http://creativecommons.org/licenses/by/4.0/

d.

%IMMUNOREACTIVITY
(MEAN£SEM)

DIMMUNOREACTIVITY
(MEAN£SEM)

GFAP in S1BF

<0.0001

Y
o
J

o
I

GFAP in VPM/VPL

S0

- N W &b
o O O O

0

Figurel

<0.0001

B3 CLN2 + Veh
mm CLN2 + CBD
o WIT

B3 CLN2 + Veh
Em CLN2 + CBD
O WT

b.

%IMMUNOREACTIVITY
(MEANLSEM)

%IMMUNOREACTIVITY
(MEAN£SEM)

CD68 in S1BF

& & 2 a2 PP
© »w o u o o
—t 11

CD68 in VPM/VPL

15+

-
o
1

L8y
L

o
[

0.0002

<0.0001



https://doi.org/10.1101/2025.11.17.688949
http://creativecommons.org/licenses/by/4.0/

