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Spinal manifestations of CLN1 disease start during the early postnatal period

Aim: To understand the progression of CLN1 disease

and develop effective therapies we need to characterize

early sites of pathology. Therefore, we performed a

comprehensive evaluation of the nature and timing of

early CLN1 disease pathology in the spinal cord, which

appears especially vulnerable, and how this may affect

behaviour. Methods: We measured the spinal volume

and neuronal number, and quantified glial activation,

lymphocyte infiltration and oligodendrocyte matura-

tion, as well as cytokine profile analysis during the

early stages of pathology in Ppt1-deficient (Ppt1�/�)
mouse spinal cords. We then performed quantitative

gait analysis and open-field behaviour tests to investi-

gate the behavioural correlates during this period.

Results: We detected significant microglial activation in

Ppt1�/� spinal cords at 1 month. This was followed by

astrocytosis, selective interneuron loss, altered spinal

volumes and oligodendrocyte maturation at 2 months,

before significant storage material accumulation and

lymphocyte infiltration at 3 months. The same time

course was apparent for inflammatory cytokine expres-

sion that was altered as early as one month. There was

a transient early period at 2 months when Ppt1�/�

mice had a significantly altered gait that resembles the

presentation in children with CLN1 disease. This

occurred before an anticipated decline in overall loco-

motor performance across all ages. Conclusion: These

data reveal disease onset 2 months (25% of life-span)

earlier than expected, while spinal maturation is still

ongoing. Our multi-disciplinary data provide new

insights into the spatio-temporal staging of CLN1

pathogenesis during ongoing postnatal maturation, and

highlight the need to deliver therapies during the

presymptomatic period.
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Introduction

The neuronal ceroid lipofuscinoses (NCLs) are fatal

neurodegenerative lysosomal storage disorders that

affect children and young adults [1]. The NCLs are

classified together based on broadly shared clinical

symptoms including a loss of vision, seizures of increas-

ing severity and progressive loss of cognitive and motor

function [2,3]. CLN1 disease or infantile NCL is an

early onset, rapidly progressing form of NCL, caused by

mutations in the CLN1 gene that encodes the lysoso-

mal enzyme Palmitoyl Protein Thioesterase-1 (PPT1)

[3,4]. There is currently no effective therapy for CLN1

disease, and all cases are fatal [5-8].

correspondence: Jonathan D. Cooper, Departments of Pediatrics,
Genetics and Neurology, Washington University in St Louis,
School of Medicine, 660 S Euclid Ave, St Louis, MO 63110, USA.
Tel: +1-314-273-9067; Fax: +1-314-286-2894; E-mail: coop-
erjd@wustl.edu

© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd

on behalf of British Neuropathological Society.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use

and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or

adaptations are made.

251

Neuropathology and Applied Neurobiology (2021), 47, 251–267 doi: 10.1111/nan.12658

https://orcid.org/0000-0003-2407-4517
https://orcid.org/0000-0003-2407-4517
https://orcid.org/0000-0003-2407-4517
https://orcid.org/0000-0003-0335-1087
https://orcid.org/0000-0003-0335-1087
https://orcid.org/0000-0003-0335-1087
https://orcid.org/0000-0002-3906-0831
https://orcid.org/0000-0002-3906-0831
https://orcid.org/0000-0002-3906-0831
https://orcid.org/0000-0002-5559-0832
https://orcid.org/0000-0002-5559-0832
https://orcid.org/0000-0002-5559-0832
https://orcid.org/0000-0003-1339-4750
https://orcid.org/0000-0003-1339-4750
https://orcid.org/0000-0003-1339-4750
mailto:
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/


The Ppt1-deficient (Ppt1�/�) mouse recapitulates

most human phenotypes including a shortened lifespan

(typically 7.5-8 months), visual defects, epileptic sei-

zures and gait defects later in disease progression

[9,10]. Ppt1�/� mice also display pathological changes

characteristic of the human disorder [11,12] including

pronounced accumulation of autofluorescent storage

material (AFSM), and glial activation that precedes the

pronounced neuronalloss that occurs in the brain, cere-

bellum and retina [13-16]. A preliminary analysis

showed significant pathology in the spinal cords of

human CLN1 patients at autopsy and in Ppt1�/� mice,

and that directing gene therapy neonatally to both

brain and spinal cord is important for disease outcome

[17].

In many later onset neurodegenerative disorders,

pathological changes only occur once the CNS has fully

developed and matured, but this is unlikely in a disorder

like CLN1 disease with an onset in childhood.Reasoning

that PPT1 deficiency will impact the CNS during its

development, we investigated the extent to which patho-

logical changes occur during the early postnatal period,

when Ppt1�/� mice display no overt disease phenotypes.

The events that occur in the CNS during the early stages

of CLN1 disease are poorly understood, and unlikely to

be treated effectively if therapy is delivered after the onset

of symptoms and subsequent diagnosis. As such, a more

comprehensive analysis of the regional neurological,

pathological and molecular consequences of PPT1 defi-

ciency in its initial stages will be important for designing

therapies that are more effectively targeted to vulnerable

cell types and regions of the CNS.

Here, we have characterized an onset of spinal pathol-

ogy at least 2 months earlier (a quarter of their normal

lifespan) than any previously documented CNS pathol-

ogy in these Ppt1�/� mice. This is accompanied by pro-

gressive changes in cytokine expression, and a transient

early period when Ppt1�/� mice have a significantly

altered gait compared to control wild-type mice, before

subsequently declining in performance. These data

reveal that the pathological and behavioural conse-

quences of PPT1 deficiency occur in the context of ongo-

ing maturation of the CNS and suggest an interplay

between neurodegenerative and developmental pro-

cesses. Collectively our findings define novel and unex-

pectedly early behavioural and spinal pathological

phenotypes that will help inform timing and targeting of

therapy for CLN1 disease.

Methods

Patients and clinical assessment

Written informed consent was received from the partic-

ipant’s guardians for data, pictures or videos appearing

in the manuscript. This study was approved by the

institutional ethics committee at Centre for Rare Dis-

eases, Department of Paediatrics and Adolescent Medi-

cine, Aarhus University Hospital (Data S1).

Mice

Ppt1-deficient (Ppt1�/�) mice were first generated by

Gupta et al [10]. Both congenic Ppt1�/� and wild-type

(WT) mice were maintained separately on a C57Bl/6J

background through homozygous mating. All animals

were housed in an animal facility at Washington

University School of Medicine (St. Louis, MO) under a

12hr light/dark cycle, and provided food and water

ad libitum. All procedures were performed in accor-

dance with NIH guidelines under a protocol approved

by the Institutional Animal Care and Use Committee

(IACUC) at Washington University School of Medicine.

Unless otherwise stated, n = 5 mice of each genotype

were used, except for gait analysis (n = 12; 6 males,6

females), locomotor activity and open-field behaviour

(n = 12; 8 males, 4 females).

Tissue processing and cresyl fast violet staining

Tissue processing and analysis for tinctorial and

immunohistochemical staining was performed as previ-

ously described [13,18] (Data S1).

Immunostaining

A one in forty-eight series of 40µm coronal spinal cord

sections from each mouse were stained on slides using

a modified immunofluorescence protocol for the follow-

ing antibodies: rabbit anti-calbindin, 1:500, rabbit anti-

calretinin, 1:500 and rabbit anti-parvalbumin 1:500,

Swant, goat anti-choline acetyl transferase (ChAT),

1:50, Chemicon, rabbit anti-calcitonin gene-related

peptide (CGRP), 1:200, Enzo life sciences, rabbit anti-

substance-P (SubP), 1:200, Chemicon, rat anti-

CD4,1:100, Bio-Rad, rat anti-CD8, 1:100, Bio-Rad,
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rabbit anti-GFAP, 1:1000, DAKO, rat anti-mouse

CD68, 1:400, Bio-Rad, rabbit anti-Olig2, 1:200, Gene-

Tex, rabbit anti-NG2 chondroitin sulphate proteoglycan

(NG2), 1:200, Chemicon and rat anti-MBP, 1:500,

Merck Millipore (Data S1).

Measurements of regional volume and area

Area measurements and Cavalieri estimates of regional

volume were obtained as previously described [18],

using StereoInvestigator software (MBF Bioscience Inc,

Williston, VT) (Data S1).

Cytokine profile analysis

Cytokine profiling was performed using an Affyme-

trix multiplex assay through the Center for Human

Immunology and Immunotherapy Programs (CHiiPS)

Immunomonitoring Lab (IML) at Washington

University School of Medicine. A standard 96-well

Luminex assay plate was used to run the samples in

duplicate. Procartaplex Luminex Assay mouse 9 plex

(ThermoFisher) EPX090-20821-901 (GRO alpha; IP-

10; MCP-1; MCP-3; MIP-1 alpha; MIP-1 beta; MIP-

2; RANTES; Eotaxin) plus CRP, ENA-78, IFNg, IL-

1A, IL-1B, IL-6, IL-10, IL-33, TGF-Beta 1 and

VEGFa (ThermoFisher) assays were run to create an

19plex (Data S1).

Neuron counts

Counts of neurons in the dorsal and ventral horns of

each hemisection of cord were performed by a design-

based optical fractionator method in a one in forty-eight

series of Cresyl fast violet-stained sections [13,19] using

StereoInvestigator (MBF Bioscience). Cells were sampled

with counting frames (70 9 40 lm) distributed over a

sampling grid of 150 9 150 lm superimposed over the

region of interest at 100 9 magnification. Counts for

interneurons (calbindin, calretinin and parvalbumin) in

laminae IV-X of each spinal hemisection, motor neurons

(ChAT) in the ventral horn and counts of CD4- and CD8-

positive cells across entire hemisections of cord, were

carried out by manual stereological estimations in a one

in forty-eight series of sections using Image-Pro Premier

software (Media Cybernetics, Chicago, IL) according to

anatomical landmarks [20].

Thresholding image analysis and image
densitometry

To analyse AFSM accumulation and glial activation in

the grey matter (GFAP-positive astrocytes + CD68-posi-

tive microglia), markers of oligodendrocyte precursors

(Olig2 and NG2) in the white matter and CGRP-positive

fibres in laminae III-IV of the dorsal horn of the spinal

cord, semiautomated thresholding image analysis was

performed using Image-Pro Premier (Media Cybernetics)

[17]. This involved collecting slide-scanned images at

109 magnification from each animal followed by

demarcation of regions of interest. Images were subse-

quently analysed using Image-Pro Premier (Media

Cybernetics) using an appropriate threshold that

selected the foreground immunoreactivity above back-

ground. Due to the density of interneurons in laminae

I-III of the dorsal horn [20-22], image densitometry for

the average pixel luminance data was gathered for

those antigens that showed a higher density of staining

(calbindin, calretinin and parvalbumin) and for other

antigens with higher staining densities (CGRP, Sub-

stance P). Slide-scanned images at 10x magnification

were collected, followed by collecting the mean lumi-

nance data across all pixels from regions of interest

delineated using StereoInvestigator (MBF Bioscience).

Quantitative gait analysis

The CatWalk XT gait analysis system (Noldus Informa-

tion Technology bv, Wagenigen, Netherlands) was used

to study gait abnormalities, as previously described

[23-25]. To evaluate general activity levels in Ppt1�/�

and WT mice, mice were evaluated over a 1-hour period

in transparent polystyrene enclosures at monthly inter-

vals, as previously described [26,27] (Data S1).

Statistical analysis

All measurements were performed blind to genotype. All

statistical analyses were performed using GraphPad Prism

version 8.0.0 for MacOS (GraphPad Software, San Diego,

CA, www.graphpad.com). All data were analysed using a

two-way ANOVA with a post hoc Bonferroni correction,

except stereological counts of Nissl-stained neurons at

2 months, which used a two-tailed, unpaired, parametric

t-test. A p-value of ≤ 0.05 was considered significant.
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Results

Interneurons are the earliest affected neuron
populations in the Ppt1�/� mouse spinal cord

Extensive neuron loss in the CNS is a crucial hall-

mark of CLN1 disease, with cortical and hippocampal

interneuron populations particularly vulnerable [13-

16]. We have previously performed stereological

counts of Nissl-stained dorsal and ventral horn neu-

rons in the lumbar spinal cord of WT and Ppt1�/�

mice at 1, 3, 5 and 7 months [17],which revealed

that significant neuron loss first became apparent in

the ventral horn at 3 months and the dorsal horn at

5 months. To obtain information about spinal

interneuron loss, we examined populations of

interneurons immunostained for parvalbumin (PV),

calbindin (CB) or calretinin (CR), which are affected

in the brains of Ppt1�/� mice [13,14]. There was a

significant reduction in pixel luminance of PV, CB

and CR immunoreactivity in laminae I-III as early as

2 months that worsened with age, and a significant

Figure 1. Early interneuron loss in the spinal cords of Ppt1�/� mice. (A-C) Analysis of lumbosacral cords immunostained for interneuron

markers – parvalbumin, calbindin and calretinin respectively. Image densitometry (average pixel luminance) revealed a significant decrease

in intensity of immunostaining for these markers in laminae I-III as early as 2 months for all antibodies stained, progressing at 3 months.

Manual stereological counts of neurons positively immunostained for these markers in laminae IV-IX [98] revealed a significant loss of

parvalbumin- and calretinin-positive interneurons as early as 2 months, and calbindin-positive interneurons at 3 months. (D) Unbiased

stereological estimates of neuron numbers from Nissl-stained spinal cord sections showed no significant difference between WT (wild-type)

and Ppt1�/� mice at 2 months in either the dorsal or ventral horns of the lumbosacral spinal cord. Two-tailed, unpaired, parametric t-test

(n = 5 mice/group). (E)Manual stereological estimates of choline acetyltransferase (ChAT) positive motor neurons showed no significant loss

at any time point measured. P-values - **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001; two-way ANOVA with post hoc Bonferroni correction.

Values shown are mean � SEM. (n = 5 mice/group).
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decrease in the number of PV- and CR-positive neu-

rons in laminae IV-IX at 2 months, and of CB-posi-

tive neurons at 3 months (Figure 1A-C). In light of

these findings of early interneuron loss, we also per-

formed stereological counts on Nissl-stained sections

at 2 months to assess overall neuron survival. How-

ever, there was no significant loss of Nissl-stained

neurons in either the ventral or dorsal horns of

Ppt1�/� mice at 2 months (Figure 1D), indicating

that while interneuron numbers are reduced at this

early time point, overall neuron numbers only begin

to decrease at 3 months, as our previous analyses

had suggested [17].There was also no significant dif-

ference in the number of choline acetyltransferase

(ChAT) positive motor neurons in the ventral horns

of Ppt1�/� and WT spinal cord even at 3 months

when interneuron loss is already underway (Fig-

ure 1E). Collectively, these data demonstrate the early

and selective loss of spinal interneurons in the Ppt1�/�

spinal cord starting at 2 months of age, when no other

populations of spinal neurons appear to be affected

[14,15].

Ppt1�/� mice show early increases in pain-
associated neuropeptides

The significant early loss of interneurons (Figure 1)

raised the possibility of accompanying alterations in

sensory signal processing in the dorsal horns of Ppt1�/

� mice. Substance P (SubP) and calcitonin gene-related

peptide (CGRP) are neuropeptides which have been

shown to have altered expression in conditions such as

persistent hyperalgesia [28-30]. Analysing immunore-

activity for these antigens between 1 and 3 months in

Ppt1�/� mice spinal dorsal horns revealed a significant

increase in the intensity of immunofluorescence (aver-

age pixel luminance) of SubP at 2 months, but no

change in SubP intensity at either 1 or 3 months. Sim-

ilarly, the area of SubP immunoreactivity in laminae I-

II did not significantly differ between genotypes at any

time point (Figure 2A). We also observed an increase

in the intensity of CGRP immunoreactivity in laminae

I-II of Ppt1�/� mice at 2 and 3 months, and a larger

area of CGRP immunoreactivity in these laminae of

Ppt1�/� mice at one month. We also saw an increase

in CGRP-positive fibres in laminae III and IV of Ppt1�/�

mice across all time points (Figure 2B). Our data

demonstrate significant early alterations in

neuropeptide expression in Ppt1�/� mouse dorsal horns

that parallel the onset of interneuron loss.

Early onset innate immune responses in the Ppt1�/�

spinal cord precede storage material accumulation
and lymphocyte infiltration

Given the early onset of interneuron loss in Ppt1�/�

mouse spinal cord the spinal cord (Figure 1), we next

characterized the progression of AFSM accumulation, a

characteristic hallmark of CLN1 disease [13-16].

Thresholding image analysis of AFSM at these early

stages of disease revealed that compared to WT mice,

significantly elevated levels of AFSM were not apparent

in either the dorsal or ventral horns of Ppt1�/� spinal

cords until 3 months (Figure 3A), after significant

interneuron loss was already underway (Figure 1).

Both microglial activation and astrocytosis are also

closely associated with neuron loss in the forebrains of

Ppt1�/� mice, typically preceding neurodegeneration

[14,15]. Staining spinal cord tissue for glial fibrillary

acidic protein (GFAP, astrogliosis) showed significantly

elevated GFAP immunoreactivity within the spinal grey

matter starting at 2 months, in both the dorsal and

ventral horns with accompanying changes in astrocyte

morphology and staining intensity already apparent at

this age (Figure 3B). In contrast, staining for CD68

(microglial activation) revealed intense CD68-positive

hypertrophied brain macrophages within the spinal

grey matter in both the dorsal and ventral horns of

Ppt1�/� mouse spinal cords, as early as 1 month of

age (Figure 3C). These data demonstrate that astro-

cytes and microglia are activated during very early

stages of disease in the Ppt1�/� cord, with microglial

activation evident at least 2 months before the onset of

any previously documented pathology in the CNS of

these mice [13-17], also preceding the onset of signifi-

cant interneuron loss (Figure 1).

The forebrain of Ppt1�/� mice is also progressively

infiltrated by both helper and cytotoxic T lymphocytes,

with the numbers of these cells increasing with age

[16,31]. Therefore, we immunostained lumbosacral

spinal sections at these early time points simultane-

ously for CD4 and CD8 to gauge the overall impact of

peripheral lymphocyte infiltration into the spinal cord,

rather than to reveal any subtype specificity as we

have done previously in the CNS [16,31]. There were

no significant differences between genotypes in staining
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for these lymphocyte markers at 1 and 2 months.

However, there was a dramatic increase in CD4- and

CD8-positive lymphocytes in Ppt1�/� spinal cords at

3 months (Figure 3D). This lymphocyte infiltration of

the spinal cord parallels similar events in the optic

nerve but precedes their occurrence in the brain [16].

Cytokine profile analysis reveals specific early
alterations in inflammation-related pathways

We further investigated the progression of neuroim-

mune responses in the in Ppt1�/� spinal cord by mea-

suring the expression level of various cytokines and

chemokines (Figure 4, Figure S1). There was already a

significant and persistent increase of IL-33 and VEGF-A

expression in Ppt1�/� spinal cords at 1 month, and sig-

nificant increases in IP-10 and MIP-1a expression at

2 months as compared to WT spinal cords. There was

also a significant decrease in IL-10, Interferon-c and

CXCL5 expression in Ppt1�/� spinal cords at 2 months

(Figure 4 Ppt1�/� spinal). Other cytokines including

MIP-1b, MIP-2 and MCP-1 were significantly increased

at 3 months, similar to the brain [15]and MCP-3,

Eotaxin (CCL11), RANTES and GRO-a (Figure S1). In

contrast, cytokines including IL-1a, IL-1b, IL-6, TGF-b
and C-reactive protein (CRP), were not significantly

altered at these early time points in Ppt1�/� spinal

cords (Figure S1). These findings demonstrate the pres-

ence of significant, but specific neuroinflammatory

changes in Ppt1�/� spinal cords as early as 1 month,

Figure 2. Early alterations in nociceptive markers in Ppt1�/� mouse spinal cords. Immunostaining for (A) Substance-P (SubP) and (B)

calcitonin gene-related peptide (CGRP) reveal age-related changes in these markers in the dorsal horn of Ppt1�/� mice. Representative

images of dorsal horns of spinal cords reveal an increase in SubP immunoreactivity in laminae I-II at 2 months and increased CGRP

immunoreactivity in laminae I-II beginning at 2 months as measured by image densitometry (average pixel luminance). Measures of area

of immunoreactivity (µm2) confirmed a greater area of CGRP immunoreactivity at 1 month in Ppt1�/� mice across all time points as

compared to WT (wild-type) mice. Thresholding image analysis of positively stained fibres in laminae III-IV of CGRP-stained tissue

showed a consistent increased in values in Ppt1�/� mice across all time points as compared to WT mice. Scale bars = 200µm. P-values -

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001; two-way ANOVA with post hoc Bonferroni correction. Values shown are

mean � SEM. (n = 5 mice/group).
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correlating with the onset of microglial activation at

this time point, subsequently involving progressively

more chemokines and cytokines.

Early volumetric changes and oligodendrocyte
maturation defects in Ppt1�/� mouse spinal cords

The mammalian spinal cord continues to develop dur-

ing the postnatal period, and this process continues

from birth to 3 months in mice [21,32]. While the

number of neurons remains largely the same, there are

dramatic increases in nerve fibre density, dendritic

arbour and white matter volumes during this postnatal

period [21,32].Significant cerebral atrophy occurs both

in CLN1 patients [33,34] and in Ppt1�/� mice [18].

Given the early onset pathological changes in Ppt1�/�

cords, we next investigated spinal cord volume. Cava-

lieri regional volumetric estimates of lumbosacral spinal

cord volumes revealed that while WT and Ppt1�/�

mice did not differ in regional volume at 1 month, WT

mice subsequently showed a progressive increase across

all volume measures until 3 months. Ppt1�/� mice

showed significantly lower total spinal, grey matter and

white matter volumes from 2 months of age onwards

(Figure 5). The decreased spinal cord volumes observed

in Ppt1�/� mice may be due to the onset of neurode-

generation described here and accompanying axon loss,

altered postnatal maturation of the cord or a combina-

tion of these factors.

We next immunostained for oligodendrocyte tran-

scription factor 2 (Olig2) and NG2 chondroitin sulphate

proteoglycan (NG2), two established markers of

Figure 3. Early accumulation of storage material, glial activation and peripheral lymphocyte infiltration in Ppt1�/�mouse spinal cords.

Representative images of ventral horns of spinal cords and thresholding image analysis of dorsal and ventral horns reveal (A) a significant

increase in autofluorescent storage material (AFSM) accumulation at 3 months (Mo.), (B) significant increase in glial fibrillary acidic protein

(GFAP, astrocytosis) immunoreactivity beginning at 2 months and (C) significant increase in CD68 (microglial activation) immunoreactivity

as early as 1 month in Ppt1�/�mice as compared toWTmice. These data are indicative of a significant early glial immune response and

subsequent accumulation of storage material. (D)Manual stereological estimates of CD4- and CD8-positive lymphocytes reveal a significant

increase of these cells in the spinal cord of Ppt1�/�mice at 3 months (white arrowheads), compared toWT cords, indicative of an early

humoral immune response. Scale bars = 200µm. P-values - P-values - *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001; two-way ANOVAwith post

hoc Bonferroni correction. Values shown are mean � SEM. (n = 5mice/group).
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oligodendrocyte lineage cells [35,36] to ascertain

whether oligodendrocyte maturation is altered in the

postnatal Ppt1�/� cord, contributing to the altered

white matter volumes observed. There was a significant

increase in Olig2-positive cells in both the grey and

white matter of Ppt1�/� mice at 1 month, which sub-

sequently decreased over time (Figure 6A), compared

to WT mouse cords. In WT mouse spinal cords, there

was an increase in NG2-positive cells at 2 months,

especially in the lateral and dorsal funiculi of the lum-

bosacral spinal cords (Figure 6B). In contrast, in Ppt1�/�

mice, there was a persistently higher level of NG2-posi-

tive cells in all white matter regions from 1 month

onwards, with significantly higher values in the lateral

and dorsal funiculi at these ages (Figure 6B). We next

stained lumbosacral spinal sections for myelin basic pro-

tein (MBP), a marker of myelinating oligodendrocytes

[37]. Ppt1�/� mice showed increased levels of MBP

across the dorsal, lateral and ventral funiculi at

1 month, and within the ventral horn grey matter.

These white matter increases in MBP staining persisted

in the ventral funiculus at 2 months, but MBP staining

intensity subsequently decreased across all regions mea-

sured for Ppt1�/� mice compared to WT cords at

3 months (Figure S2). These data demonstrate that in

addition to an early onset of neuron loss and a marked

early neuroimmune response, the Ppt1�/� cord also

shows evidence of altered maturation of oligodendro-

cytes, which may contribute to the volumetric changes

seen in their spinal white and grey matter.

Early gait and behavioural abnormalities in Ppt1�/�

mice

Decreased rotarod performance and other behavioural

changes [9,15] have previously been reported in Ppt1�/

� mice and altered gait has been described late in dis-

ease progression, but not quantified [10]. In light of

our findings of significant early spinal pathology, we

sought to quantitatively determine the onset of gait

abnormalities, and how their timing relates to pathol-

ogy in the spinal cord and elsewhere in the CNS of

these mice. CatWalk XT measures [23-25]revealed no

significant differences in any gait parameter between

Figure 4. Early cytokine profile alterations in Ppt1�/� mouse spinal cords reveal specific inflammatory changes. Observed concentrations

(Obs. Conc) in pg/µl of various cytokines measured in spinal cord homogenates from WT and Ppt1�/� mice revealing significant early

upregulation of IL-33 and VEGF-A as early as 1 month, and of IP-10 and MIP-1a at 2 months in Ppt1�/� cords and significant

downregulation of IL-10, Interferon-c and CXCL5 were also seen at 2 months in Ppt1�/� cords as compared to WT cords. P-values - P-

values - *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, two-way ANOVA with post hoc Bonferroni correction. Values shown are mean � SEM.

(n = 5 mice/group).
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genotypes at 1 month. However, at 2 months of age

Ppt1�/� mice of both sexes significantly outperformed

WT mice in many gait parameters, before these values

normalized at 3 months. Subsequently, we quantified a

significant and progressive decline across gait parame-

ters in Ppt1�/� mice, that worsened and became pro-

nounced with disease progression. This pattern was

apparent for average speed (significantly higher in

Ppt1�/� mice than WT mice at 2 months) (Figure 7B),

average stride length (significantly longer in Ppt1�/�

mice at 2 months) (Figure 7C), and cadence or fre-

quency of steps (elevated at 2 months) (Figure 7D).

Conversely, body speed variation in each run showed

an opposite pattern to overall body speed, with Ppt1�/�

mice showing significantly less variation at 2 months,

but significantly increased variation from 4 months

onwards, compared to their WT counterparts (Fig-

ure 7E). Collectively these data reveal for the first time

an early period of supra-normal gait of Ppt1�/� mice at

2 months of age, moving more quickly and taking lar-

ger steps than WT mice, before a subsequent progres-

sive and dramatic decline in their mobility with disease

progression.

To reveal more about the nature of these early gait

abnormalities, we determined the average time spent

on each paw either in contact with the ground (Stand)

or in motion between successive placements (Swing)

(Figure 7F,G). Ppt1�/� mice spent significantly less time

during both the stand and swing phase at 2 months,

compared to WT mice, with both measures increasing

with age, reaching significance at 5 months for stand

and 4 months for swing. Swing speed showed a pre-

dictable inverse relation to swing, indicating a faster

limb motion at 2 months followed by a progressive

decline (Figure 7H). The Step cycle which is a com-

bined measure of stand and swing times between suc-

cessive placements of an individual paw, showed a

similar pattern with significantly shorter step cycle

Figure 5. Progressive changes in Ppt1�/� mouse spinal cord volumes. Representative images of a Nissl-stained mouse lumbar spinal cord

section demonstrating the delineated boundaries (red) used to determine total and grey matter volumes. Scale bar = 400µm. Stereological

Cavalieri estimates show decreased volumes of the lumbosacral spinal cord in Ppt1�/� mice as compared to age-matched wild-type

controls (WT) as early as 2 months of age in total, grey matter and white matter volumes indicating a possible postnatal maturation

deficit. Scale bars = 400µm. P-values - ***p ≤ 0.001, ****p ≤ 0.0001; two-way ANOVA with post hoc Bonferroni correction. Values

shown are mean � SEM. (n = 5 mice/group).
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times for Ppt1�/� mice at 2 months, which then pro-

gressively increased to significantly greater times at

5 months (Figure 7I). At 2 months, Ppt1�/� mice also

showed a significantly increased average paw print

area measures in their fore paws, as compared to hind

paws. These fore paw measures subsequently normal-

ized to WT mouse values at 3 months and continued

to decrease with age (Figure S3).

We then investigated whether the early gait alter-

ations Ppt1�/� mice display were sustained over

longer periods of time. We therefore assessed the one-

hour locomotor activity and open-field behaviour of

WT and Ppt1�/� mice (Figure 8), focusing at early (1-,

2- and 3-month) time point. Consistent with previous

observations of decreased overall motility early in dis-

ease [9], the open-field locomotor activity revealed that

Ppt1�/� mice covered significantly shorter distance,

made a lower number of ambulations, and an inversely

greater number of rests over a 1-hour period vs. WT

mice at 1, 2 and 3 months. Ppt1�/� mice also showed a

significant decrease in the number of rearing motions at

1 month as compared to WT mice (Figure 8). Rearing

is not only used as a measure of locomotor activity but

also a measure of exploration and anxiety [38].We have

not seen altered fear conditioning in Ppt1�/� mice at

this age [9], and in the current study Ppt1�/� mice

showed no significant difference in time spent in the

centre versus the edge of the chamber during this test.

Nevertheless, these data show that Ppt1�/� mice travel

shorter distances and transit between the centre and

the edge fewer times vs. WT mice (Figure S4). There-

fore, Ppt1�/� mice show an overall lower mobility as

early as 1 month, which is earlier than any previously

established behavioural phenotype for this model.

The relentless decline in motor performance by CLN1

disease children is well-recognized [39,40], but this is

preceded by clumsiness and an early onset hyperkinesia

that precedes a dramatic and progressive loss of mobil-

ity [3,8]. Given our findings in Ppt1�/� mice, we

undertook clinical observations of gait in a case of

Figure 6. Dysregulated oligodendrocyte maturation in Ppt1�/� mouse spinal cords. (A) Representative images and thresholding image

analysis data for lumbosacral spinal cord sections immunostained for the oligodendrocyte precursor marker Olig2 reveal significant

increase in immunoreactivity for this marker in the ventral, lateral and dorsa funiculi of the spinal white matter, as well as the total grey

matter area at 1 month (Mo.), as well as significant increases in the lateral funiculus at 2 months, and dorsal funiculus at 3 months in

Ppt1�/� mice as compared to WT mice. (B) Representative images and thresholding image analysis data for lumbosacral spinal cord

sections stained for the oligodendrocyte precursor marker NG2 chondroitin sulphate proteoglycan (NG2) reveal significant increases in

NG2 immunoreactivity in the ventral, lateral and dorsal funiculi of the white matter at 1 month and 3 months in Ppt1�/� mice as

compared to WT mice. P-values - *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001; two-way ANOVA with post hoc Bonferroni correction.

Values shown are mean � SEM. (n = 5 mice/group).
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CLN1 disease who is homozygous for a well-known

CLN1 mutation; c.541G> A (p.Val181Met). The walk-

ing abilities of the patient seen on the video (Video S1),

recorded early in his motor deterioration at 2 years

and 4 months of age, clearly demonstrate a nonrhyth-

mic gait, with periods of pausing followed by walking

that is faster than usual and proceeds in an uncoordi-

nated manner. This applies to both hip and knee move-

ments, and when initiating a movement from a

standing posture. During the same period his family

reported that he was irritable, had restless sleep and

often cried without obvious reason. When the parents

tried to support his gait by keeping hold of his arms or

body, he pushed them away, and generally he did not

like to be touched. These observations indicate a signifi-

cantly altered gait early in disease progression, consis-

tent with our observations in Ppt1�/� mice. Although,

the basis for this unexpected early gait presentation

Figure 7. CatWalk XT data acquisition and early gait abnormalities in Ppt1�/� mice. (A) Representative frame of the captured video

from a single run on the Catwalk XT gait analysis system showing each paw print as a fluorescent green mark. These are then classified

as Right Fore (RF), Left Fore(LF), Right Hind (RH) or Left Hind (LH). The schematics below show placement of these classified paw prints

over the duration of the run, with coloured bars indicating the periods when each foot was in contact with the glass floor of the

apparatus. CatWalk XT measures showing Ppt1-deficient (Ppt1�/�) mice having a higher average speed (cm/sec) (B), stride length (cm)

(C) and cadence (steps/sec) (D) at 2 months compared to wild-type (WT) mice, followed by a subsequent progressive decline across all

these parameters with increased age. Variation in body speed (E) over a run (%)mirrored this pattern, with markedly less variation at

2 months which increases with age in Ppt1�/� mice as compared to WT mice. The measures of stand (sec) (F), swing (G), swing speed

(cm/sec) (H) and step cycle (sec) (I) were also indicative of a supra-normal gait at 2 months. P-values - *p ≤ 0.05, **p ≤ 0.01,

***p ≤ 0.001, ****p ≤ 0.0001; two-way repeated measures ANOVA with post hoc Bonferroni correction. Values shown are

mean � SEM. (n = 12 mice/group).
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remains unclear, early spinal pathology may play a

contributory role along with the progressive involve-

ment of cerebral, cerebellar and possibly peripheral ner-

vous system pathology.

Discussion

Very little is known about the events that occur early

in CLN1 disease progression before children or mice

Figure 8. Decreased overall locomotion in Ppt1�/� mice. One-hour locomotor activity and open field test reveal that Ppt1�/� mice

moved over a significantly shorter distance, showed fewer ambulations and increased number of rests at all time points. Ppt1�/� mice

also show a significant decrease in number of rearing motions on their hind limbs at 1 month, as compared to WT (wild-type) mice. P-

values - *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001; two-way repeated measures ANOVA with post hoc Bonferroni correction. Values shown

are mean � SEM. (n = 12 mice/group).
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become symptomatic. However, CNS damage is likely

to occur during this critical period and this will influ-

ence therapeutic efficacy. Our findings provide insights

into these early events in Ppt1�/� mice, identifying that

PPT1 deficiency has both pathological and behavioural

impacts upon the CNS during a period when these mice

otherwise appear overtly unaffected. Our data place the

onset of selective neuron loss, a neuroinflammatory

cascade and gait abnormalities all starting during the

period when the spinal cord is still developing. Our

data suggest that postnatal maturation appears

impaired and there may be an interplay between neu-

rodegeneration and developmental processes that has

so far been underappreciated.

The loss of spinal interneurons in Ppt1�/� mice at

2 months, reveals them to be the most vulnerable and

earliest affected CNS neuron population, being lost sig-

nificantly earlier than motor neurons (Figure 1). Given

that neuron loss may be preceded by a period of neu-

ronal dysfunction, it is likely that this vulnerable neu-

ron population will be functionally impaired even

earlier [41,42]. This early dysfunction may impact the

spinal dorsal horn, a site critical for processing sensory

inputs before their transmission to the brain [43,44],

and we documented an early increased expression of

Substance-P and CGRP (Figure 2), neuropeptides that

are associated with the propagation and maintenance

of hyperalgesia [30]. This may help explain the restless-

ness, irritability and sleep disturbances that are

reported in ~90% of CLN1 cases [5,8], and it will be

important to assess sensory and nociceptive function in

Ppt1�/� mice.

Pain, hypersensitivity, irritability and altered mobility

are all associated with glial activation [45,46], which

we demonstrate starts within the Ppt1�/� spinal cord

as early as one month of age. This spinal microglial

activation is the earliest histologically identified pathol-

ogy anywhere in the CNS of these mice (Figure 3). This

is placed at the beginning of a chronologically staged

series of pathological events that subsequently includes

astrocytosis and selective interneuron loss (2 months).

These all occur far earlier than similar events within

the cerebrum or cerebellum of Ppt1�/� mice and are

accompanied by a progressively more complex spinal

chemokine and cytokine response. Subsequently, lym-

phocyte infiltration occurs in the spinal cord, parallel-

ing its appearance in the optic nerve, but preceding its

onset in the rest of CNS [16,31]. This is also the time

when significant storage material accumulation is

detected, but precedes motor neuron loss by several

months. These data further emphasize the early onset

and rapid progression of spinal disease while this struc-

ture is still maturing, and a full quarter lifespan before

we thought had previously thought it to be affected. A

developmental component to CLN5 disease has recently

been suggested [47], but so far very little attention has

been paid to these aspects of CLN1 disease. Given the

similar expression profiles of CLN1 and CLN5 during

development [48] it will be important to extend our

analysis of Ppt1�/� mice into the prenatal period.

Our data for early changes in the expression of a

restricted subset of cytokines is in stark contrast to the

generalized inflammatory responses that subsequently

occur in the brain in CLN1 disease [16,17,49]. Cyto-

kine profile analysis of the early inflammatory response

revealed a specific upregulation of IL-33 and VEGF-A

in Ppt1�/� mice as early as 1 month (Figure 4). While

VEGF-A is known to largely play an anti-inflammatory

role [50,51], IL-33 is of particular interest as an ‘alar-

min’ that mediates a downstream microglia-mediated

inflammatory response and is also secreted by damaged

or dying cells [52], and by dysregulated oligodendro-

cytes [53], implicated in mediating neuropathic pain.

As such, dysfunctional neurons, glia or oligodendrocyte

precursors in Ppt1�/� mice may secrete IL-33 to co-or-

dinate the early onset of the glial immune response

and recruitment of vascular macrophages. We found

further evidence suggestive of such a sequence of

events, with the subsequent increase in IP-10 and MIP-

1a at 2 months and RANTES at 3 months, all of which

are secreted by activated microglia [54,55]. As such,

our data potentially reveal the VEGF-A and IL-33 sig-

nalling cascade as a novel early immunomodulatory

target for CLN1 therapy.

The early onset of pathology in the Ppt1�/� mouse

spinal cord, was mirrored by altered locomotion when

these mice otherwise appear unaffected. Most beha-

vioural analyses in Ppt1�/� mice [9], have concentrated

on motor performance with altered gait only qualitatively

reported at later stages of the disease [9,15]. Collectively

our data suggest an overall lower mobility of Ppt1�/�

mice, but that at 2 months of age, upon initiating loco-

motion, they do so more rapidly than wild-type mice.

This mirrors the hyperkinetic gait of CLN1 children,

which also includes periods of immobility interspersed by

rapid walking movements (Video S1). The subsequent
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severe decline in gait has always considered to be seque-

lae of the devastating neurodegeneration that occurs in

the brain and cerebellum [14,15]. However, our descrip-

tion of behavioural changes in young Ppt1�/� mice (Fig-

ures 7,8) before onset of detectable brain or cerebellar

pathology, suggests that spinal pathology likely also con-

tributes to these early gait phenotypes. Interneurons in

the ventral part of the spinal cord, which we found were

lost significantly earlier than motor neurons, are critical

for precisely controlling the speed and coordination of

locomotion [56,57]. Other previously described patholo-

gies in the cerebrum and cerebellum may also contribute

to these gait alterations. Nevertheless, there is consis-

tency between what is known about pathology in Ppt1�/

� mice and the altered gait seen both in these mice and

also in our CLN1 child. The characteristically altered gait

and mobility of Ppt1�/� mice at 2 months (Figure 7),

and the increased expression of Substance-P and CGRP

(Figure 2) in the dorsal horn, also hint at the involve-

ment of peripheral nerve pathology in this disease. It will

be important to characterize the onset and progression of

pathology within both peripheral nerve and skeleto-mus-

cular components, and how these may influence beha-

vioural changes. Clumsiness and a lack of motor

development are typically first presenting symptoms of

CLN1 disease [3,8], with an early onset hyperkinesia

and subsequent progressive loss of mobility. Our clinical

observations of a CLN1 child also demonstrated altered

gait and sensory perception at early stages of disease,

similar to our observations in Ppt1�/� mice. While the

pathological basis of such behavioural changes is likely

to be complex and multisystemic, the timing of their

onset implicates the spinal cord to play at least a contrib-

utory role in their presentation in mice.

Our data reveal vulnerable neuronal populations,

altered oligodendrocyte maturation and early neuroin-

flammatory changes that can potentially serve as new

therapeutic targets. We also demonstrate early beha-

vioural consequences that may involve the spinal cord

and potentially other components of the central and

peripheral nervous systems and how these may relate

to human CLN1 disease. Our findings highlight the

need for further ultrastructural investigation of this

regional pathology across both mouse and human tis-

sue to further understand the basis of this vulnerability.

Significantly, the disease process starts in the spinal

cord of Ppt1�/� mice during a period when they previ-

ously did not display signs of being affected, but while

development is still ongoing. These data highlight the

need to initiate therapy as soon as possible, and while

this is feasible in a mouse model, this has important

implications for identifying and treating CLN1 children

while they are presymptomatic. Finally, our data also

raise the important question of whether the spinal cord

is similarly affected in other forms of NCL.
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Supporting information

Additional Supporting Information may be found in the

online version of this article at the publisher’s web-site:

Figure S1. Cytokine profiles showing alterations at 3

months or no significant changes in Ppt1-/- mice. The

levels of various cytokines were measured in spinal

cord homogenates from WT and Ppt1-/- mice revealing

GRO-a, RANTES, Eotaxin (CCL11), MIP-1b, MIP-2 and

MCP-1 and MCP-3 were significantly increased at 3

months indicative of an overall progressive increase in

inflammatory response with age. However, other

cytokines including IL-1a, IL-1b , TGF-b, C-reactive

protein (CRP) and IL-6, which are also associated with

general inflammatory responses, were not significantly

altered at these early time points in Ppt1-/-spinal cords.

P-values - P-values - *p≤0.05, **p≤0.01, two-way

ANOVA with post hoc Bonferroni correction. Values

shown are mean � SEM. (n = 5 mice/group).

Figure S2. Dysregulated MBP expression in Ppt1-/-

mouse spinal cords. Representative images and image

densitometry (average pixel luminance) measures of

lumbosacral spinal cord sections stained for Myelin

Basic Protein (MBP) show significantly higher

immunoreactivity in the ventral funiculus at 1 and 2

months (arrowheads are representative of these areas)

and the lateral and dorsal funiculi at 1 month followed

by a significant decrease in the dorsal and lateral funi-

culi at 3 months. Scale bars = 400µm. P-values -

*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001; two-

way ANOVA with post hoc Bonferroni correction.

Values shown are mean � SEM. (n = 5 mice/group).

Figure S3. Progressive changes in Ppt1-/- mouse paw

print areas. CatWalk XT (Noldus) measures of print

area (cm2) show an early increase in fore paw areas at

2 months, coinciding with an increased speed and

stride length in Ppt1-/- mice, but not in the hind paws.

There was also a significant increase of fore paw mea-

sures in Ppt1-/- mice at 5 months, followed by a signifi-

cant decrease in both fore and hind paw measures in

these mutant mice at 6 months, that recovers in the

fore paws but progresses in the hind paws. Overall, this

is indicative of an increased reliance on the fore-paws

for locomotion in Ppt1-/- mice with disease progression.

P-values - *p≤0.05, **p≤0.01, ****p≤0.0001; two-way

repeated measures ANOVA with post hoc Bonferroni

correction. Values shown are mean � SEM. (n = 12

mice/group).

Figure S4. Decreased locomotion in Ppt1-/- mice. Edge

versus centre measures of one-hour open-field locomo-

tor activity reveal that Ppt1-/- mice spend similar

amounts of time in the centre vs. edge of the open-field

locomotion apparatus as compared to WT mice, but

travelled a significantly lower distance in the edge

across all time points and at 2 months in the centre, as

compared to WT mice. Ppt1-/- mice also consistently

crossed fewer times between the centre and edge zones

across all time points as compared to WT mice. P-val-

ues - *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001;
two-way repeated measures ANOVA with post hoc

Bonferroni correction. Values shown are mean � SEM.

(n = 12 mice/group).

Methods S1.

Video S1.
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