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SUMMARY

After neural tube closure, amniotic fluid (AF)
captured inside the neural tube forms the nascent
cerebrospinal fluid (CSF). Neuroepithelial stem cells
contact CSF-filled ventricles, proliferate, and differ-
entiate to form the mammalian brain, while neuro-
genic placodes, which generate cranial sensory
neurons, remain in contact with the AF. Using in vivo
ultrasound imaging, we quantified the expansion of
the embryonic ventricular-CSF space from its incep-
tion. We developed tools to obtain pure AF and
nascent CSF, before and after neural tube closure,
and to define how the AF andCSF proteomes diverge
during mouse development. Using embryonic neural
explants, we demonstrate that age-matched fluids
promote Sox2-positive neurogenic identity in devel-
oping forebrain and olfactory epithelia. Nascent
CSF also stimulates SOX2-positive self-renewal
of forebrain progenitor cells, some of which is
attributable to LIFR signaling. Our Resource should
facilitate the investigation of fluid-tissue interactions
during this highly vulnerable stage of early brain
development.

INTRODUCTION

Morphogenesis of the cerebrospinal fluid (CSF)-filled ventricu-

lar system requires a series of highly stereotyped, conserved

events (Bjornsson et al., 2015; Lowery and Sive, 2009; Mas-

sarwa and Niswander, 2013; Wilde et al., 2014). Tremendous

changes in ambient fluid composition and brain morphology

occur at embryonic day (E) 8.5-E10.5 in the mouse embryo,

yet the relationship between these changes is poorly un-

derstood. At E8.5, the neuroectoderm destined to become

the mammalian brain is exposed to amniotic fluid (AF). As

the anterior neural tube closes, the AF captured inside the
Developme
neural tube becomes the nascent CSF, and the entire

mammalian brain subsequently develops around CSF-filled

ventricular spaces (Ek et al., 2005; Zappaterra and Lehtinen,

2012). Subsequently, the neurogenic placodes that give rise

to cranial sensory neurons (Moody and LaMantia, 2015)

remain exposed to AF, while the developing brain is exposed

to CSF. As brain development progresses, the forebrain

neuroectoderm consists of neuroepithelial cells that rapidly

divide to expand the neural progenitor cell pool (Bjornsson

et al., 2015). Over subsequent days, the neuroepithelium be-

comes patterned, with well-defined gene expression domains

along the anterior-posterior and dorsal-ventral axes, ultimately

giving rise to the wealth of cells in distinct regions of the

mammalian brain (Grove and Monuki, 2013; Rallu et al.,

2002a). The progressive lineage restriction of neural progeni-

tors and transition to radial glial progenitors of the cerebral

cortex occurs during this period. While pressurization of the

ventricles is essential for normal brain development to pro-

ceed (Desmond and Jacobson, 1977; Lehtinen and Walsh,

2011), little is known about the signals delivered by the AF

versus nascent CSF and whether they instruct the develop-

ment of adjacent epithelia during these early stages of brain

development.

Cell intrinsic genetic programs regulate progenitor cell lineage

restriction (Shen et al., 2006). However, extrinsic signals play

important roles in specifying progenitor identity as well (Hunter

and Hatten, 1995; LaMantia et al., 1993; McConnell and Kaz-

nowski, 1991). The interplay between genetic programs (Manzini

and Walsh, 2011; Shen et al., 2006), CSF (Lehtinen et al., 2011;

Lun et al., 2015b), meningeal (Chatzi et al., 2013; Siegenthaler

et al., 2009), and vascular (Kokovay et al., 2010; Shen et al.,

2004; Tavazoie et al., 2008) signals helps coordinate and syn-

chronize brain development at later ages. At these later stages,

secreted signals in the embryonic CSF (Lehtinen et al., 2011),

many of which originate from the choroid plexus (Huang et al.,

2009c; Lun et al., 2015a; Yamamoto et al., 1996), instruct the

proliferation and survival of polarized radial glial progenitor cells

as well as adult neural stem cells, in part via signal transduction

at the cilium (Higginbotham et al., 2013; Tong et al., 2014; Yeh

et al., 2013). Proteomic approaches have begun to characterize
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A Figure 1. Expansion of the Mouse Ventricu-

lar System following Neural Tube Closure

(A) SOX2-positive neuroepithelial cells (green)

contact the AF before neural tube closure at E8.5

(left) and the nascent CSF following neural tube

closure at E9.5 (middle) and E10.5 (right). The

nuclei were counterstained with Hoechst. The

scale bars represent 50 mm (left) and 200 mm

(middle and right).

(B) Representative ultrasound images of devel-

oping mouse (E8.5–E12.5). The dashed white line

(left) outlines the embryo. The scale bar represents

2 mm.

(C) 3D reconstruction of ventricular system from

ultrasound image sequences captured in (B) from

E9.5–E12.5 with the following color representa-

tion: turquoise: lateral ventricles; yellow: third

ventricle and aqueduct; and dark blue: fourth

ventricle.

(D) Quantification of ventricle size based on 3D

reconstructions of ultrasound image sequences (B

and C, data not shown; ventricular volume (ml)

represented as mean ± SEM; lateral ventricles:

E9.5 = 0.09 ± 0.02; E10.5 = 0.77 ± 0.12; E11.5 =

0.83 ± 0.07; E12.5 = 1.39 ± 0.19; E13.5 = 1.08 ±

0.05; third ventricle and aqueduct: E9.5 = 0.31 ±

0.03; E10.5 = 1.48 ± 0.37; E11.5 = 1.33 ± 0.15;

E12.5 = 1.40 ± 0.11; E13.5 = 1.16 ± 0.03; fourth

ventricle: E9.5 = 0.54 ± 0.04; E10.5 = 1.63 ± 0.22;

E11.5 = 1.36 ± 0.06; E12.5 = 1.27 ± 0.27; E13.5 =

0.50 ± 0.14; total ventricular volume: E9.5 = 0.94 ±

0.04; E10.5 = 3.92 ± 0.70; E11.5 = 3.51 ± 0.16;

E12.5 = 4.06 ± 0.06; E13.5 = 2.74 ± 0.09; n = 3;

ANOVA statistical analyses of total ventricular

volume represented as (*) p < 0.05 and (***) p <

0.0001; and n = 3).
the composition of the CSF during later stages of development in

different species (see Chang et al., 2015; Dziegielewska et al.,

1981; Lehtinen et al., 2011; Lun et al., 2015a; Parada et al.,

2005; Zappaterra et al., 2007), as well as in adult (see Dislich

et al., 2015). However, around the time of neural tube closure

(E8.5–E10.5), the choroid plexus does not exist (Lun et al.,

2015b) and the meninges as well as the brain’s vasculature are

only beginning to form (Bjornsson et al., 2015). The only source

of soluble extrinsic cues for neural stem cells at this time is the

AF and nascent CSF, which contact the apical surface of all neu-

ral stem cells. Nevertheless, it is not known whether distinct AF

and nascent CSF instruct early neuroepithelial cells and very

few clues exist regarding the identity of such instructive signals.

Indeed, even the basic proteomic composition of early embry-

onic AF and nascent CSF remains undefined.

To provide a resource to formulate and answer critical ques-

tions of how early neural stem cells in the central as well as

peripheral nervous system are regulated by the adjacent fluid

proteomes, we developed techniques to collect AF and nascent

CSF from developing embryonic mouse before and after neural

tube closure. We demonstrate the dynamic capacity of these

fluids to signal via cardinal morphogenetic signaling pathways

including Sonic hedgehog (SHH), Bone morphogenetic proteins

(BMPs), and retinoic acid (RA). Using quantitative mass spec-

trometry (MS) of these fluids, we define their progressive prote-

omic differentiation from their common AF origin at E8.5, through
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E10.5 and E14.5 when distinct AF and CSF compartments exist.

We developed a neural explant culture system to establish that

age-matched fluid-tissue interactions promote Sox2-positive

neurogenic identity in developing forebrain neuroepithelium as

well as peripheral olfactory epithelium (OE). Nascent CSF

promotes SOX2-positive self-renewal of forebrain neural stem

cells, and we demonstrate a role for signaling via the leukemia

inhibitory factor (LIF) receptor (LIFR) in this process. Thus, our

comprehensive resource defines divergence between the AF

and CSF proteomes and validates the functional significance

of these differences using in vitro and ex vivo approaches, facil-

itating the investigation of fluid-tissue interactions during the

initial formation of the nervous system.

RESULTS

Rapid Morphological Changes in Brain-Ventricular
System during Early Development
In the vertebrate embryo, the transition from an open anterior

neural plate contacted by AF to a closed forebrain adjacent to

CSF-filled ventricles is a keymorphogenetic event in brain devel-

opment. At E8.5 in mouse, the neuroectoderm, which is home to

SOX2-positive neuroepithelial cells, directly contacts the AF

(Figure 1A). As the anterior neural tube closes, the AF captured

inside the neural tube becomes the nascent CSF (Ek et al.,

2005; Zappaterra and Lehtinen, 2012). By E9.5, SOX2-positive
evier Inc.



neuroepithelial progenitor cells in the developing forebrain

directly contact the CSF (Figure 1A), and the forebrain continues

to expand around this CSF-filled ventricle (Figure 1A). To eval-

uate the influence of these morphogenetic changes for defining

the CSF as a distinct entity, we performed in utero ultrasound im-

aging of live embryos (Figure 1B) and quantified regional differ-

ences in the establishment and expansion of the ventricular sys-

temduring this early phase of brain development (Figures 1C and

1D). Following neural tube closure at E9, the lateral ventricles

continuously expanded until E12.5 (mean ventricular volume

(ml) ± SEM: E9.5 = 0.092 ± 0.015; E12.5 = 1.392 ± 0.193; t test,

p < 0.005, and n = 3; Figures 1C and 1D), while third and fourth

ventricle expansion was most prominent between E9.5–E10.5

(Figures 1C and 1D). Ventricular volume in live embryos was

quite distinct from that measured in fixed tissue in a separate

set of samples. Paraformaldehyde fixation caused shrinkage of

the ventricles by approximately 60% (data not shown). Taken

together, following its definition with the closure of the anterior

neural tube, the mouse ventricular system undergoes dynamic

morphological changes in a ventricle-specific manner.

Age-Matched AF and CSF Support Neurogenic Cell Fate
Given the striking change in fluid environment that neural tube

closure imposes on the developing neuroectoderm, we tested

if E8.5 AF and E10.5 CSF have the capacity to differentially

instruct neuroepithelial cell fate before and after neural tube

closure. We first developed methods to collect pure samples

of AF and CSF at these early ages. To collect E8.5 AF, the

decidua and parietal yolk sac were removed to expose the

visceral yolk sac, and AFwas withdrawn from the amniotic cavity

(Figure 2A). The E8.5 embryo did not appear to incur damage

due to AF collection (Figures S1A and S1B). AF was similarly

collected from the amniotic cavity at E10.5 (Figure 2B). To collect

E10.5 CSF, the extra-embryonic membranes were removed and

CSF was withdrawn from the telencephalic vesicles, aqueduct,

and fourth ventricle (Figure 2C). Following fluid collection, sam-

ples were verified for purity (based upon absence of red blood

cells or other particulate matter) and processed (Zappaterra

et al., 2013). Standard litters (10–12 embryos) yielded the

following volumes: E8.5 AF = 10–15 ml; E10.5 AF = 180–225 ml;

and E10.5 CSF = 30–40 ml. CSF yield was comparable to the ven-

tricular size calculated by ultrasound (e.g., E10.5 ventricular vol-

ume = 3.9 ± 0.7 ml/embryo; Figure 1D).

We then developed a protocol for forebrain neuroectodermal

explants at E8.5 and E10.5 and tested for the instructive capacity

of AF and nascent CSF. Once the neuroepithelium was sepa-

rated from mesenchyme and surface ectoderm (both are sour-

ces of local signals that might confound assessment of AF or

CSF signaling capacity: see LaMantia et al., 2000; Tucker

et al., 2008), explants were exposed to AF or CSF from different

ages (Figure 2D). Heterochronic forebrain neuroectodermal ex-

plants using Sox2:EGFP knockin mice (Ellis et al., 2004) sug-

gested that progenitor cell identity is differentially regulated by

secreted signals received from E8.5 AF versus E10.5 CSF. Sur-

vival as well as the neurogenic phenotype of immature neuroec-

todermal cells at E8.5, as assessed by Sox2:EGFP in explants,

appeared optimally supported by age-matched E8.5 AF (Figures

2E and 2F). Conversely, E10.5 CSF optimally supported E10.5

neuroectodermal cells (Figures 2G and 2H). These data demon-
Developme
strate that compartment/fluid/tissue age-matching—either via

changes in osmolality or through distinct signaling capacities—

contributes to the maintenance of neurogenic progenitor cell

fate.

Dynamism of AF and CSF and Age-Dependent
Instructive Capacities of AF
There is very little insight into the quantitative changes in soluble

factors that occur during the time that the CSF becomes a

distinct fluid compartment from the AF.Measurement of the total

protein concentration in AF and nascent CSF suggested that the

proteomes of these fluids are tightly regulated. The total AF and

CSF protein concentrations started to decrease fromE8.5–E10.5

(Figure 3A), and the total AF protein concentration continued to

decrease to E14.5 (Figure 3A). In contrast, the total CSF protein

concentration sharply increased from E10.5–E14.5 (Figure 3A),

consistent with previous studies (Ek et al., 2005; Lun et al.,

2015a). Unexpectedly the E14.5 CSF proteome appeared less

complex in comparison with E8.5 AF and E10.5 CSF when

analyzed by silver staining (Figure 3B). The increase in E14.5

CSF protein concentration was apparently due to robust in-

creases in certain proteins, such as albumin, which appeared

saturated by silver staining (Figure 3B) and which we verified

by quantitative MS to increase approximately 2-fold between

E10.5 CSF to E14.5 CSF (albumin mean spectral counts ±

SEM: E10.5 CSF = 97.1 ± 16.6; E14.5 CSF = 201.6 ± 23.6;

Mann-Whitney, p < 0.05, and n = 3; see also Table S1).

As the ventricular system expands during the course of early

development, the CSF draws fluid from the AF, a process sug-

gested to be driven in part by an osmolarity gradient (Alonso

et al., 1998; Gato and Desmond, 2009). Despite the changes

observed in total protein concentration between the fluids (Fig-

ure 3A), we did not detect differences in global osmolality be-

tween AF and CSF during this time frame (Figure 3C). These

data agree with the model in which high colloid osmotic pres-

sure, which typically constitutes a small fraction of the total os-

motic pressure and is generated locally by individual or groups

of proteins, drives ventricular expansion (Ek et al., 2005).

We next tested if the AF, like the CSF, harbors instructive

signaling activities for adjacent tissues. We asked whether a cra-

nial neurogenic placodal epithelium, where neural stem cells for

peripheral neurons are established and maintained (Moody and

LaMantia, 2015), depends selectively on the signaling capacity

of the AF, which contacts these structures. We developed an

E10.5 olfactory placode explant culture system (Figure 3D),

which gives rise to the olfactory sensory neurons and which un-

der normal conditions directly contacts the E10.5 AF. The neuro-

genic phenotype of developing E10.5 olfactory epithelial cells

was optimally supported by E10.5 AF versus E8.5 AF, as as-

sessed by Sox2:EGFP (Figures 3E and 3F), and the lateral to

medial patterning of Sox2 (Rawson et al., 2010; Tucker et al.,

2010) was also optimally maintained in the presence of E10.5

AF. These data demonstrate that the AF can regulate cranial pla-

code neuroepithelial cells in an age- and tissue-specific manner.

Quantitative Proteomic Analyses Reveal Dynamic
Transition from AF to CSF
To characterize the differentiating CSF proteome as it emerges

from E8.5 AF, we performed quantitative MS using label-free
ntal Cell 35, 789–802, December 21, 2015 ª2015 Elsevier Inc. 791
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Figure 2. Heterochronic Explants Show that

Tissue-Fluid Age Matching Promotes Sox2-

Positive Progenitors

(A–D) Schematics of (A) E8.5 AF collection; (B)

E10.5 AF collection; (C) E10.5 CSF collection;

and (D) heterochronic forebrain neuroectodermal

explant dissections: isolated neuroepithelium

(dashed line) placed on membrane with ventricular

surface down contacting AF or CSF.

(E) E8.5 explants grown on E8.5 AF or E10.5 CSF.

The Sox2:EGFP suggests age-matched fluid best

supports neural stem cell identity (E8.5 explant

with E8.5 AF [n = 8] or with E10.5 CSF [n = 8]).

(F) Quantitative (q)PCR of explants cultured as in

(E) suggests that E8.5 AF more favorably supports

E8.5 explants compared to E10.5 explants (mean

Sox2 fold expression ± SEM: E8.5 AF = 1.63 ±

0.49; E10.5 CSF = 1.00; n = 3 of 4 pooled explants

each, p = not significant, n.s., and Mann-Whitney).

There were two experiments (n = 2) of four pooled

explants each that were excluded from statistical

analyses. While E8.5 AF supported these E8.5

explants, the experiments had undetectable Sox2

expression in the E10.5 CSF condition, suggesting

a role for age-matched AF and CSF in cell survival

and demonstrating experimental variability at this

age (see also Discussion).

(G) E10.5 explants grown on E8.5 AF [n = 9] or with

E10.5 CSF [n = 11]. Note increased GFP expres-

sion for age-matched CSF versus non-age-

matched CSF experiments.

(H) qPCR of explants cultured as in (G) show that

E10.5 CSF more favorably promotes Sox2

expression in E10.5 explants compared to E8.5 AF

(mean Sox2 fold expression ± SEM: E8.5 AF =

1.00; E10.5 CSF = 1.80 ± 0.29; n = 3 of 4 pooled

explants each, p < 0.05, and Mann-Whitney).

See also Figure S1.
spectral counts on E8.5 AF, E10.5 CSF, and E14.5 CSF. Consis-

tent with the silver staining results (Figure 3B), E8.5 AF had the

most complex proteome (764 proteins identified), followed by

E10.5 CSF (504 proteins), while E14.5 CSF had the least complex

proteome (410 proteins) (Figures 4A and 4B; Table S1). All three

fluid compartments shared 225 proteins (e.g., APOA4 and

FSTL1) (Figures 4A and 4B; Table S1). Beyond these shared con-

stituents, we found 383 proteins exclusive to E8.5 AF (e.g.,

EEF1G and RPL6), whereas 126 and 32 were exclusive to

E10.5 CSF (e.g., ACTG1 and EFNB2) and E14.5 CSF (e.g.,

BLBP/FABP7 and CDH13), respectively (Figures 4A and 4B;

Table S1).
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Unsupervised clustering using GProX

(Rigbolt et al., 2011) partitioned the pro-

teomes into six individual clusters with

distinct temporal expression patterns as

the fluids diverged from E8.5 AF (Fig-

ure 4C; Table S1). Cluster 1 consisted of

452 proteins that were more abundant

at E8.5 AF than at later stages. Enrich-

ment analysis using DAVID Web tool

(Huang et al., 2009a, 2009b) showed

that ribosomal proteins and other pro-
teins involved in translation constituted the most enriched class

of proteins in cluster 1 (Figure 4D; Table S1). The early neuroepi-

thelium releases membrane particles (Marzesco et al., 2005).

Consistent with these findings, immunostaining analyses of

some ribosomal protein subunits suggested to be enriched in

E8.5 AF based on our MS analyses (e.g., RPS12 and RPL11)

were expressed in the E8.5 neuroepithelium at higher levels

than in the E10.5 neuroepithelium (Figures S1C and S1D),

strongly suggesting that ribosomal protein content in E8.5 AF

arises from normal membrane shedding that occurs during this

age. Cluster 2 (181 members) represented proteins that were

more abundant in E10.5 CSF than in E8.5 AF and E14.5 CSF.
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Figure 3. Early AF and CSF Undergo Dy-

namic Changes, and Age-Matched AF Sup-

ports Olfactory Placode Development

(A) Total protein concentration of AF decreases

from E8.5–E14.5; total CSF protein concentration

increases from E10.5–E14.5 (mean protein con-

centration [mg/ml] ± SEM: E8.5 AF = 1.99 ± 0.06;

E10.5 AF = 1.73 ± 0.13; E10.5 CSF = 1.70 ± 0.14;

E14.5 AF = 1.51 ± 0.05; E14.5 CSF = 2.73 ± 0.26;

n = 4 for all except E10.5 CSF, n = 5; ANOVA; and

* p < 0.05 and *** p < 0.0001).

(B) Silver stain of 1 ml AF or CSF suggests highest

protein complexity in E8.5 AF. The asterisks

denote representative proteins enriched in E8.5 AF

(red) or E14.5 CSF (green).

(C) Osmolality of CSF decreases from E8.5–

E10.5 and then increases. The osmolality of AF

decreases from E8.5–E14.5 (mean osmolality

[mOsm/Kg] ± SEM: E8.5 AF = 303.0 ± 3.0; n = 3;

E10.5 AF = 296.8 ± 2.2; n = 5; E10.5 CSF = 293.4 ±

4.4; n = 5; E12.5 AF = 292.5 ± 2.5; n = 4; E12.5

CSF = 297.0 ± 5.3; n = 3; E14.5 AF = 293.7 ± 1.2;

E14.5 CSF = 298.0 ± 1.5; n = 3; ANOVA, and p <

0.05). The osmolality of E14.5 CSF is higher

compared to E14.5 AF (t test and *p < 0.05).

(D) Schematic of E10.5 OE dissections: pairs of

bilateral olfactory epithelial explants (denoted by

dashed lines) placed on porous membrane con-

tacting the AF.

(E) E10.5 olfactory epithelial explants grown on

E8.5 or E10.5 AF. The Sox2:EGFP shows age-

matched fluid most favorably supports neural

stem cell identity (n = 4).

(F) qPCR of E10.5 OE explants cultured as in (E)

show E10.5 AF more favorably promotes Sox2

expression in E10.5 OE explants compared to E8.5

AF (mean Sox2 fold expression ± SEM: E8.5 AF =

1.00; E10.5 AF = 1.78 ± 0.32; n = 3 of 4 pooled

explants each, p < 0.05, and Mann-Whitney).
The most enriched class within cluster 2 was glycoproteins (Fig-

ure 4D; Table S1), many of which were membrane proteins (e.g.,

cadherins and prominin1) and extracellular matrix (ECM) pro-

teins (e.g., collagens, laminins, and reelin), likely reflecting the

active proliferation and membrane shedding of the neuroepithe-

lium at E10.5. Supporting these data, KEGG pathway analysis of

cluster 2 showed that ECM-receptor interaction (p value = 5.893

10�9) and focal adhesion (p value = 6.84 3 10�6) were the two

most enriched pathways within this cluster (Table S1). The third

most enriched pathway was axon guidance (p value = 4.03 3

10�5; Table S1), with members such as semaphorins, ephrin re-

ceptors, ephrin-B2, and DCC (netrin-1 receptor) (Figure 4E;

Table S1), reflecting the active cellular movement in the embryo

at this age. Whether these activities have active roles in instruct-

ing migration, as has been suggested for CSF-SLIT in adult

(Sawamoto et al., 2006), remains to be determined. A number

of proteins involved in canonical signaling pathways, including

BMP1, MSTN, DKK3, and TGFBR3, were also found in cluster

2 (Table S1), demonstrating that these activities are already pre-

sent in E10.5 CSF, before the development of the choroid plexus.

The availability of these proteins was downregulated by E14.5,

suggestive of roles in early brain development. Cluster 3 (87

members) represented proteins enriched in E14.5 CSF, and

the most enriched class within this cluster was proteins with
Developme
immunoglobulin domains. Taken together, these data demon-

strate that the AF-to-CSF transition during neural tube closure

is accompanied by dynamic changes in protein availability and

putative functions.

Canonical Signaling Activities in AF and CSF
A number of canonical signals (e.g., SHH, BMPs, and RA) act on

neural stem cells in the developing brain during the time when

the CSF becomes a distinct fluid compartment (Wilde et al.,

2014), and we found that these activities are tightly regulated

in the nascent CSF during this time frame. First, from our MS

analysis, the non-canonical SHH receptors, BOC and GAS1,

were detected in E10.5 CSF (Table S1). Consistent with these

data, CSF-SHH, quantified by ELISA, peaked in E10.5 CSF (Fig-

ure 5A). The fourth ventricle choroid plexus secretes SHH into

the CSF at later ages (Huang et al., 2010; Lun et al., 2015a); how-

ever, the choroid plexi have not yet developed at E10.5. SHH

enrichment in the nascent CSF supports a model in which secre-

tion of signals from cells adjacent to the ventricles, and/or diffu-

sion of signals from surrounding tissues (e.g., floor plate),

contribute to the CSF proteome, akin to secretion of SEMA3B

into the CSF in the spinal cord (Arbeille et al., 2015).

Previous studies have demonstrated activation of BMP

signaling in apical progenitor cells along the length of the dorsal
ntal Cell 35, 789–802, December 21, 2015 ª2015 Elsevier Inc. 793
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Figure 4. MS Reveals Dynamic Changes in CSF Proteome as It Differentiates from E8.5 AF to E14.5 CSF

(A) Heatmap of normalized spectral counts reveals differential protein availability between E8.5 AF, E10.5 CSF, and E14.5 CSF. The unsupervised hierarchical

clustering grouped the three biological replicates of each fluid together. Each replicate contains 30 mg total CSF protein pooled from multiple embryos. The

spectral counts were scaled such that for each protein, the sample with the highest spectral count is set as one. The gray indicates undetected protein (i.e.,

0 spectral counts). Proteins with peptides detected in at least two samples were included in the heatmap.

(B) Total of 961 proteins were identified across all samples. The Venn diagram depicts the numbers of proteins exclusive to or shared between distinct fluid

compartments.

(C) Unsupervised clustering using GProX partitioned proteins into six clusters, revealing different temporal expression patterns for each cluster. The number of

proteins in each cluster (n) is indicated above each graph. There were 33 proteins that showed less than 2-fold difference in availability between the fluids and

were not included in clustering. Membership indicates how well the proteins fit into the general profile of cluster.

(legend continued on next page)
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Figure 5. Canonical Signaling Activities Pre-

sent in AF and Nascent CSF

(A) SHH levels measured in E8.5 AF, E10.5 CSF,

and E14.5 CSF by ELISA peaked in E10.5 CSF

(mean SHH concentration [pg/ml] ± SEM: E8.5

AF = 31.13 ± 4.34; E10.5 CSF = 197.58 ± 12.71;

and E14.5 CSF = 70.68 ± 14.25).

(B) P-SMAD 1/5/8/-positive staining progenitor

cells along ventricular surface of E8.5 (left) and

E10.5 (right) forebrain (arrows) (inset: high-magni-

fication image). The nuclei were counterstained

with Hoechst.

(C) BMP activity measured in E8.5 AF, E10.5 CSF,

and E14.5 CSF as luciferase signal in clonally

derived BMP-sensitive cell line. The responses

were compared to linear responses generated by

pure BMP4 (ng/ml) in the same cell line (data not

shown). The overall BMP activity decreases in

nascent CSF (mean BMP activity + SEM: E8.5 AF =

0.05 + 0.02; E10.5 CSF = 0.001 + 0.002; E14.5

CSF = 9.9 3 10�5 + 3.4 3 10�5; E8.5 AF versus

E10.5 CSF, t test, p < 0.05; E10.5 CSF versus

E14.5 CSF, t test, p < 0.01; data represent dupli-

cate runs of biological replicates, n = 3, from E8.5

AF and E14.5 CSF, and n = 2 for E14.5 CSF).

(D) RA activity measured in E8.5 AF, E10.5 CSF, and E14.5 CSF as luciferase signal in clonally derived RA-sensitive cell line. The responses were compared

to linear responses generated by pure RA in the same cell line (data not shown). The overall RA activity increases in E14.5 CSF (mean RA activity + SEM:

E8.5 AF = 12.3 + 2.0; E10.5 CSF = 15.3 + 3.4; E14.5 CSF = 33.4 + 7.4; t test, p < 0.01; n = 3; data represent duplicate runs of biological replicates, and n = 3, at

each age.

(E) RA indicator mice at E8.5 (left) with open neural tube and E10.5 (right) with closed neural tube (arrows: presumptive, developing forebrain). The RA signaling is

not detected in the forebrain neuroectoderm of the open neural tube at E8.5. The signaling in the somites and spinal cord reflects local RA production by the

somites (Stavridis et al., 2010; Vermot et al., 2005). At E10.5, RA signaling activity in the forebrain and head ismodest, confined to the ventro-lateral forebrain, eye,

and nose, all reflecting local neural crest mesenchyme sources of RA (Haskell and LaMantia, 2005; LaMantia et al., 1993).
telencephalic ventricular surface (Doan et al., 2012; Lehtinen

et al., 2011), and we found BMP signaling activity to change

dynamically in the nascent CSF. BMP4 availability measured

by ELISA showed a trend to increase from E8.5 AF to E14.5

CSF, but was not significant (mean BMP4 [nmol/ml] ± SEM:

E8.5 AF = 745.1 ± 111.7; E10.5 CSF = 941.6 ± 201.4; E14.5

CSF = 1018.3 ± 231.4; n = 3, and not significant). We observed

progressively increased phospho-SMAD1/5/8-positive staining

cells along the ventricular surface during neurulation (mean fore-

brain phospho-SMAD1/5/8 frequency/mm ± SEM: E8.5 = 28.0 ±

1.6 [n = 8]; E9.5 = 75.3 ± 3.2 [n = 5]; E10.5 = 83.0 ± 2.9 [n = 6]; E8.5

versus E9.5, t test, p < 0.0001; E9.5 versus E10.5, t test, and

p < 0.05 and Figure 5B), suggesting that these cells have the abil-

ity to transduce Bmp signals from the AF and CSF. In contrast,

overall BMP activity progressively decreased from E8.5 AF to

E14.5 CSF, as revealed by a luciferase-based assay in a BMP-

sensitive cell line (Figure 5C). Finally, RA activity was similarly

low between E8.5 AF and E10.5 CSF and increased by E14.5

(Figure 5D), after choroid plexus formation, consistent with a

requirement during initial neural tube formation to ‘‘protect’’ the

anterior neural plate from the posteriorizing influence of RA (Dur-

ston et al., 1989), followed by increased RA signaling in more

mature forebrain neural stem cells (Figure 5E) (Haskell and
(D) Functional annotation clustering of proteins in GProX clusters 1, 2, and 3 usin

(E) Proteins in GProX cluster 2 that are members of the axon guidance pathway we

The green nodes represent protein members of cluster 2, whereas the gray n

relationship between the proteins.

See also Table S1 and Figure S1.

Developme
LaMantia, 2005; LaMantia et al., 1993; Lehtinen et al., 2011; Sie-

genthaler et al., 2009). Together, these data show that signaling

activities with established roles in brain development are dynam-

ically available in the AF and nascent CSF and parallel changes in

signaling in the neural progenitors.

Nascent CSF Supports Progenitor Self-Renewal
We next asked if these distinct, dynamic AF and CSF proteomes

could be mined as a resource for signaling activities that might

influence neural stem and progenitor progression. Proteomic an-

alyses revealed the dynamic availability of many receptors from

E8.5 AF–E14.5 CSF (e.g., TGFb, EGFR, and LIFR, representative

of 41 proteins annotated as receptors by DAVID; Figures S2A–

S2C; Table S1). For example, availability of the LIFR declined

during the course of AF toCSF fluidmaturation (LIFRmean spec-

tral counts ± SEM: E8.5 AF = 14.8 ± 1.2; E10.5 CSF = 7.8 ± 2.8;

E14.5 CSF = not detected, and n = 3; Figure S2C; Table S1).

While LIFR was not detected by MS in E14.5 CSF, immunoblot-

ting revealed bands consistent with some LIFR availability in

E14.5 CSF (Figure S2D). Soluble LIFR binds LIF and can inhibit

its biological activity (Layton et al., 1992; Tomida, 2000). These

observations suggest that neural tube closure could decrease

access of an inhibitory factor into the CSF.
g DAVID. The top five enriched functional clusters are shown.

re subjected to network analysis using GeneMania (Warde-Farley et al., 2010).

odes represent related proteins. The lines connecting the nodes denote the
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Figure 6. Nascent CSF Promotes Signaling

and Self-Renewal in Progenitor Cells

(A) E10.5 forebrain shows P-STAT3 (red) activity in

P-Vimentin-positive (green) progenitor cells along

ventricular surface. The nuclei were counter-

stained with Hoechst.

(B) Higher magnification images of E10.5 forebrain

show LIFR (red) expression in P-Vimentin-positive

(green) progenitor cells along ventricular surface.

The nuclei were counterstained with Hoechst. The

scale bar represents 20 mm.

(C) Removal of N-linked glycans from E10.5 CSF

with PNGase F reveals robust bands immunore-

active for LIF.

(D) Intraventricular LIF injection (15 min; 200 ng/ml)

at E10.5 stimulates P-STAT3 (red) signaling in

P-Vimentin-positive (green) progenitor cells along

ventricular surface. The nuclei were counter-

stained with Hoechst.

(E) Schematic depicting potential combinations of

daughter cells in pair cell assay (progenitor: P;

neuron: N; and transient/intermediate cell type co-

expressing SOX2 and TUJ1: Tr).

(F) LIF stimulates SOX2-positive self-renewal (P-P)

of progenitor cells at expense of differentiating

cells (P-N; Tr-Tr; identities of pairs of cells

represented as mean ± SEM; P-P division: con-

trol = 23.3 ± 0.8; LIF = 35.9 ± 1.6; P-N division:

control = 18.8 ± 0.9; LIF = 11.6 ± 0.9; Tr-Tr

division: control = 38.0 ± 1.9; LIF = 28.8 ± 2.0; N-N

division: control = 20.1 ± 2.5; LIF = 23.7 ± 0.6; n = 3;

p < 0.0001; and ANOVA).

(G) E10.5 CSF (20%) stimulates SOX2-positive

self-renewal (P-P) of progenitor cells at expense of

differentiating cells (data presented as above in F)

(P-P division: control = 33.3 ± 2.5; CSF = 40.2 ±

2.2; P-N division: control = 18.2 ± 0.9; CSF = 23.4 ±

3.4; Tr-Tr division: control = 36.8 ± 2.1; CSF =

26.0 ± 0.4; N-N division: control = 12.8 ± 0.8; CSF =

12.2 ± 1.3; n = 3; p < 0.05; and ANOVA).

(H) Interference with LIF signaling in E10.5 CSF

(20%) decreases the proportion of P-P division.

The data is presented as mean fold change ± SEM

relative to Control IgG (anti-GATA6) (Control IgG =

1.0; NAb = 0.62 ± 0.19; LIFR block = 0.56 ± 0.13;

Control versus LIF NAb, p = n.s.; Control versus

LIFR block, p < 0.05; n = 3 with approximately 100

pairs counted per condition; and Mann-Whitney).

(I) Silver staining shows distinct protein patterns in

E10.5 CSF collected from lateral versus fourth

ventricles. The arrowheads denote protein bands

differentially detected in lateral ventricle CSF (red)

versus fourth ventricle CSF (blue).

See also Figure S2.
The LIF signaling pathway represents one compelling example

of signaling activity in AF and nascent CSF. LIF regulates SOX2

expression in stem cells (Foshay andGallicano, 2008; Niwa et al.,

2009; Onishi and Zandstra, 2015; Pitman et al., 2004; Shimazaki

et al., 2001). LIF also stimulates neural progenitor proliferation

(Hatta et al., 2002) and influences cell fate at later developmental

stages (Onishi and Zandstra, 2015). Thus, we tested if CSF-LIF

mediated signaling regulates neural stem cells following neural

tube closure. We observed membrane-associated LIFR and

phospho-STAT3 in P-Vimentin-positive apical progenitor cells
796 Developmental Cell 35, 789–802, December 21, 2015 ª2015 Els
at E10.5 (Figures 6A and 6B). In agreement with a previous report

showing LIF availability in the CSF at E11 (Hatta et al., 2006), we

detected LIF-reactive bands in E10.5 CSF treatedwith the degly-

cosylating enzyme PNGase F (Figure 6C). Direct injection of

recombinant LIF into E10.5 telencephalic ventricles ex vivo

stimulated P-STAT3 activity in neuroepithelial progenitor cells

(Figure 6D). We then used a pair-cell assay to test for the func-

tional effects of LIF on E10.5 neural progenitor self-renewal (Fig-

ure 6E). Using SOX2 to identify neural progenitors and TUJ1 to

identify neurons, we found that LIF stimulated self-renewal
evier Inc.



(progenitor-progenitor division; P-P) of SOX2-positive neural

progenitors at the expense of differentiation (progenitor-neuron

division; P-N) or transient cells that co-express SOX2 and

TUJ1 (Transient-Transient division; Tr-Tr; Hutton and Pevny,

2011; Figure 6F). Pair-cell assays using 20%E10.5 CSF revealed

a similar ability to promote progenitor self-renewal (Figure 6G).

The frequency of SOX2-positive P-P divisions declined in cells

cultured with CSF containing LIFR blocking or LIF neutralization

(NAb) antibodies (Figure 6H), showing that CSF-based signaling

via the LIFR can promote neuroepithelial cell self-renewal,

though other CSF-borne signals likely work in concert in vivo

to regulate this process.

Lifr-deficient mice are microcephalic by E12.5, a time when

LIF is beginning to be produced by the choroid plexus (Gregg

and Weiss, 2005). Because the choroid plexus is not yet devel-

oped at E10.5, our findings suggest that CSF-LIF must originate

from another source to contribute to progenitor proliferation at

this earlier developmental stage. While we cannot rule out a

contribution by the neuroepithelium (Figure S2E), LIF is abun-

dantly expressed by the amniotic sac and yolk sac (Figure S2E).

Consistent with CSF drawing fluid from the AF at this stage

(Alonso et al., 1998), 10 kDa fluorescein-conjugated dextrans in-

jected into the intra-amniotic space of E10.5 mouse embryos

were detected in the CSF 30 min following injection (average

relative fluorescent units: 10 kDa dextran = 445 and 153.3 and

Vehicle = 21.3; 33.7; and 50.1). These data suggest that factors

available in the AF—possibly including LIF—can reach the CSF

by classic diffusion through the neuroepithelium at this age.

The zebrafish neuroepithelium is permeable to fluorescent

dyes up to 70 kDa (Chang and Sive, 2012).

Our proteomic and functional analyses were performed using

pooled samples of AF and CSF. However, silver staining ana-

lyses of lateral and fourth ventricle CSF revealed that the CSF

proteome was regionalized, with distinct protein bands detected

in each sample already at E10.5 (Figure 6I), prior to choroid

plexus-driven regionalization that occurs at later ages (Lun

et al., 2015a). These data suggest differential diffusion or secre-

tion of proteins into each CSF-filled ventricular subcompart-

ment, and potentially, differential effects on local progenitor

progression.

Quantitative Proteomic Analysis of Maturing AF
We have limited knowledge regarding the mouse AF proteome

and how it develops over time. Based upon the observation

that E10.5 AF supports the developing olfactory placode (Fig-

ure 3E), we performed quantitative MS to reveal changes in the

AF proteome as it develops from E8.5 to E10.5 and E14.5. The

composition of E10.5 AF and E14.5 AF were less complex than

E8.5 AF (Figure 7A; Table S2). Only 80 proteins found in the older

AF samples were not detected at E8.5 (Figure 7B; Table S2).

Conversely, 476 proteins were exclusive to E8.5 AF (Figure 7B;

Table S2). Unsupervised clustering of expressed proteins fol-

lowed by enrichment analysis revealed that many proteins en-

riched in E8.5 AF were ribosomal proteins and translation factors

(Figures 7C and 7D; Table S2; cluster 1 and 515members). E14.5

AF was enriched in proteins that were secreted (e.g., collagens)

or important for cell adhesion (e.g., NCAM1 and VCAM1)

(Figures 7C and 7D; Table S2; cluster 2 and 88 members). Clus-

ter 3 (88 members) hosted proteins that were more abundant at
Developme
later ages than at E8.5 (Figure 7C; Table S2). Many of these pro-

teins were secreted (e.g., DKK3 and IGF2) or ECM proteins (e.g.,

collagens and fibronectin; Figure 7D; Table S2). Only 37 proteins

were enriched in E10.5 AF (Figure 7C; Table S2; cluster 5) and

some of these (e.g., GAS1, MSTN, and TGFBR3) were members

of canonical signaling pathways.

Despite the expansion of the brain’s ventricles between

E8.5–E10.5 (Figure 1), direct comparison of the AF and CSF

proteomes revealed that only 14 proteins found in E10.5 AF

were not detected in E10.5 CSF (Figure 7E). These data are

consistent with the model that the CSF draws fluid and pro-

teins from the AF (see above; Alonso et al., 1998; Chang and

Sive, 2012). Conversely, many proteins were enriched in the

E10.5 CSF versus E10.5 AF, including SHH (mean SHH con-

centration [pg/ml] represented as mean ± SEM at E10.5:

AF = 50.6 ± 11.9; CSF = 197.6 ± 12.7; n = 3; p < 0.01, and

t test; see also Figure 5A). Importantly, 264 proteins in E10.5

CSF were not detected in E10.5 AF, indicating other sources

including the adjacent neuroepithelium (see Marzesco et al.,

2005) as major contributors to the nascent CSF proteome (Fig-

ure 7E). By E14.5, the CSF and AF were even more distinct

from each other, with 131 proteins exclusively detected in

E14.5 CSF and 110 proteins exclusively detected in E14.5

CSF (Figure 7F), reflecting progressive, age-dependent diver-

gence of the AF and CSF. Principal component analysis

showed that E8.5 AF and E14.5 CSF were the most distinct

fluid compartments, whereas E10.5 CSF, E10.5 AF, and

E14.5 AF were more similar to each other (Figure 7G). Thus,

the developing AF and CSF undergo a progressive differentia-

tion with instructive capacities matched to adjacent neurogenic

tissues.

DISCUSSION

We present a resource in which we have: (1) developed tools to

collect AF and CSF before and after neural tube closure, (2)

quantified ventricular expansion in live mouse embryos before

and after neural tube closure, (3) systematically documented

the dynamic signaling capacity and protein content of the AF

and CSF proteomes as they differentiate over the course of em-

bryonic development, (4) developed robust, heterochronic

ex vivo explant systems to assess functional, instructive activ-

ities of AF and nascent CSF in promoting neural progenitor cell

fate in the developing neural plate, neural tube, and brain as

well as the neurogenic cranial placodes, and (5) demonstrated

that CSF-based signaling via the LIFR stimulates neuroepithelial

cell self-renewal. Paired with the dynamic morphological fea-

tures of the early developing head and brain, our findings should

accelerate future studies investigating the regulation of fluid/tis-

sue interactions and their consequences for signaling during

these early, understudied stages of brain development. Since

many tissues of the developing embryo, particularly the precur-

sors of the central and peripheral nervous system, are in contact

with AF/CSF, our proteomic data set serves as an important

resource for investigators across multiple developmental

fields who are interested in studying fluid-tissue interactions

and related mechanisms during mid-gestation when embryos

are particularly vulnerable to the consequences of disrupted

signaling.
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Figure 7. MS Reveals Decreasing Complexity of AF as Embryo Develops from E8.5 to E14.5

(A) Heatmap of normalized spectral counts reveals differential protein availability in AF between E8.5, E10.5, and E14.5. The unsupervised hierarchical clustering

grouped biological replicates of each fluid together (E8.5: n = 3; E10.5: n = 2; and E14.5: n = 2). Each replicate contains 30 mg total AF protein pooled frommultiple

embryos. The spectral counts were scaled and analyzed as in Figure 4A.

(B) Total of 844 proteins identified across all AF samples are represented as in Figure 4B.

(C) Unsupervised clustering was performed and data are presented as in Figure 4C. There are 38 proteins that showed less than 2-fold difference in availability

between the ages and were not included in the clustering.

(D) Functional annotation clustering of proteins in GProX clusters 1, 2, and 3 was performed and is presented as in Figure 4D.

(E) At E10.5, 264 and 14 proteins are exclusive to CSF and AF, respectively, and 240 proteins are common to both fluid compartments.

(legend continued on next page)
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Analyzing Fluid Proteomes and Their Activities in Early
Embryos
We addressed several challenges in developing this resource for

understanding AF and CSF function in mammalian embryos.

A number of studies have used proteomics tools to analyze the

AF or CSF at older ages or in other species (see Chang et al.,

2015; Dislich et al., 2015; Dziegielewska et al., 1981; Lehtinen

et al., 2011; Lun et al., 2015a; Parada et al., 2005; Zappaterra

et al., 2007). However, to our knowledge, analysis of the murine

AF proteome over the course of early development has not been

undertaken, likely due to challenges of reliably collecting small

amounts of AF and CSF from early mammalian embryos. We

minimized variability in AF collection and preparation, with care-

ful dissection, pooling samples across litters, and assessment of

contamination by embryonic or maternal tissues. We similarly

standardized CSF collection from embryos after neural tube

closure and emergence of distinct brain vesicles. While the

CSF between ventricles is regionalized by E10.5 (Figure 6I), anal-

ysis of total CSF samples from individual embryos using silver

stained gels indicated basic uniformity within and across litters

(data not shown). MS analyses showed quantitative differences

between pooled AF and CSF samples, which may indicate

biological variability independent of technical issues or subtle

differences in embryo stages when fluids were collected.

Some variability suggested by MS may not reach a threshold

for impacting signaling capacity. Quantitative MS may also be

limited in its ability to detect low abundance proteins, proteins

that have been processed into small peptides, and proteins

with other physicochemical properties (e.g., hydrophobicity).

However, our analyses of cardinal signaling activity (e.g.,

BMPs, RA, and SHH) support the model that overall AF and

CSF signaling activity is stable among pooled samples. We

also detected some variation in AF and CSF activity on neural

progenitors in our explant assays; however, these differences

may reflect details of the reporter allele (Arnold et al., 2011; Ellis

et al., 2004) rather than distinctions of AF or CSF activity on the

neuroepithelium. Pair-cell analyses of LIF, a likely AF/CSF signal,

indicate stage-specific consistency. Future studies analyzing the

influence of AF/CSF on neural stem cell identities in functional

assays will further elucidate the biological significance of vari-

ability in AF and CSF proteomes.

The Signaling Capacity of the AF and CSF
The AF and nascent CSF have dynamicmorphogenetic signaling

capacity via BMPs, RA, and SHH. The effective activity of these

signals varies in register with patterning in the embryo, including

the brain and the neurogenic cranial placodes. The decrease in

total BMP activity during the transition from E8.5 AF to E10.5

CSF may indicate changes in inhibition. For example, FSTL1, a

BMP4 antagonist (Geng et al., 2011), was more abundant in

E10.5 CSF than in E8.5 AF, while BMP4 was identified in each

fluid compartment. The timed delivery of fluid-based signals is

also demonstrated by the delayed availability of RA in the
(F) By E14.5, 131 and 110 proteins are exclusive to CSF and AF, respectively, an

(G) Principal component analysis of protein spectral counts revealed greater degr

within each compartment. The E8.5 AF and E14.5 CSFwere themost distinct fluid

to each other. PC1 and PC2 explained 48.9% and 24.5% of the total variance, r

See also Table S2.

Developme
E14.5 CSF, presumably protecting the developing brain from

posteriorizing cues, while permitting local signaling via cranial

mesenchymal sources once the neural tube closes (Moody

and LaMantia, 2015). Finally, our findings of elevated SHH in

E10.5 CSF suggest that the developing dorsal forebrain, as

well as the ventral forebrain that is thought to receive SHH sig-

nals from local tissue sources (Chiang et al., 1996; Rallu et al.,

2002b), is exposed to SHH quite early in embryogenesis. In all

cases, the action of CSF-borne signals on target cells relies on

appropriate receptor expression and ability to transduce signals

delivered by the CSF.

Since no individual tissue is solely responsible for the produc-

tion of AF and nascent CSF at the early ages examined (e.g., E8.5

and E10.5; the choroid plexus contributes to CSF production in

our E14.5 samples), there is no transcriptome from which to

derive the early AF and CSF proteomes. Therefore, our MS

approach provides a singular directory of hundreds of differen-

tially available proteins in the maturing AF and CSF over time.

The diversity of proteins identified in early AF and CSF includes

growth factors and their receptors (e.g., BOC and GAS1 for

SHH), axon guidance molecules (e.g., semaphorins, DCC, and

ephrins), and ECM components (e.g., reelin and laminin sub-

units). The presence of prominin-1-containing membrane parti-

cles (Dubreuil et al., 2007; Marzesco et al., 2005) in E10.5 and

E14.5 CSF, but not E8.5 AF (Table S1), suggest that the devel-

oping neuroepithelium contributes to the CSF proteome.

Whether these particles have an active role in CSF-based

signaling (Cossetti et al., 2014; Feliciano et al., 2014) or are

cellular waste products cleared from the developing neural tis-

sue, remains to be determined. Nevertheless, signaling compo-

nents of many of the pathways represented in the AF and CSF

proteomes have roles in neural tube closure (Wilde et al.,

2014), inviting hypotheses for fluid-based regulation of this

developmental stage.

AF and CSF Proteomes and Hypotheses for Early
Mammalian Brain Development
The resources of AF/CSF proteomes, activities, and embryo-

based assays to evaluate signaling capacities also provide an

essential foundation for generating and testing hypotheses of

mammalian neural development and how it is compromised by

genetic and environmental disruption. We found that AF and

CSF vary in several dimensions within 48 hr during early to

mid-stage mouse embryogenesis. Changes in osmolality and

fluid volumes may have substantial consequences for morpho-

genetic movements that maintain the neural plate and then

support neural tube closure. Importantly, distinctions in AF/

CSF protein constituents—especially metabolic and receptor

proteins in the fluids at different stages—suggest key changes

in cells of embryonic surface tissues that directly contact AF or

CSF during the transition from neural plate to forebrain vesicle

epithelium. Such changes may be driven by AF versus CSF pro-

teomes and may be metabolic indicators of molecular and
d 207 proteins are shared between the two fluid compartments.

ee of variance between fluid compartments than between biological replicates

compartments, whereas E10.5 CSF, E10.5 AF, and E14.5 AFwere more similar

espectively. The ellipses and lines indicate the 95% confidence interval.
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cellular distinctions in embryonic tissues that influence stem cell

progression and early neurogenesis. Despite tremendous focus

on neural stem cell progression at later stages of brain develop-

ment in the spinal cord, hindbrain, and forebrain (see Dias et al.,

2014), there has been far less attention paid to the key transition

between early neuroectodermal stem cell and neural stem cell

identity as the neural tube closes. Mining of our proteomic

resource, combined with use of our assays to evaluate stem

cell progression will provide important insights into mechanisms

that mediate this key period of mammalian brain development.

The early AF and CSF proteomes reflect, in varying degrees,

the balance between maternally derived protein constituents

and other small molecules and those derived from the embryo.

These proteomes are likely altered dramatically in response to

maternal illness, changes in nutrition, substance abuse, and

exposure to environmental toxins (Wilde et al., 2014). Thus, the

definition of dynamic AF and CSF activities we have provided

constitutes an essential resource for understanding risk and

consequence of maternal/fetal interactions during first trimester

development.

EXPERIMENTAL PROCEDURES

Animals

Timed pregnant CD1 dams were obtained from Charles River Laboratories.

Sox2:EGFP (Ellis et al., 2004) was shared by L. Pevny. All animal experimenta-

tion was carried out under protocols approved by the Institutional Animal Care

and Use Committees of Boston Children’s Hospital and The George Washing-

ton University School of Medicine.

Ventricular System Measurements

Uterine horns were placed on Sylgard plates, immersed in PBS, and ultra-

sound image sequences were captured (Vevo 2100, Visual Sonics; MS550

transducer; step size: 0.076 mm). 3D reconstruction of ventricular system

was performed for visualization (Vevo 2100) and quantification (Fiji-TrakEM).

AF and CSF Collection and Measurements

AF was collected by inserting a glass capillary into the intra-amniotic space.

CSF was collected by inserting a glass capillary into telencephalic ventricles,

aqueduct, fourth ventricle, or cisterna magna, and processed as described

(Zappaterra et al., 2013). Protein concentration (BCA kit) and osmolality

(10 ml fluid input, Vapro 5600) were measured.

Forebrain Neuroectodermal Explants

E8.5 anterior neuroectoderm containing the presumptive forebrain was

dissected from the anterior neural ridge to the optic vesicle. E10.5 dorsal telen-

cephalic neuroepithelium was isolated by: (1) dissecting the cortical neuroepi-

thelium caudal to the olfactory bulb at the anterior boundary of the lateral

ganglionic eminence (LGE), (2) dissecting caudal to the posterior boundary

of the LGE and extending to the medial wall of the developing cortical rudi-

ment, (3) separating the LGE from the developing cortex, and (4) removing

the midline at the apex of the neocortex where the lateral cortical surface

meets the interhemispheric wall. Following 30 min of enzymatic digestion

with pancreatin on ice, neuroepithelium was separated from mesenchyme

and surface ectoderm using tungsten needles. Explants were placed on poly-

carbonate membranes (8.0 mm pore size; Whatman) in imaging dishes

(MatTek), and cultured in 20% AF or CSF in Neurobasal medium supple-

mented with antibiotics and L-glutamine. Explants were cultured for 24 hr.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

two figures, and two tables and can be found with this article online at
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