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Cultured catecholamine-differentiated cells [which lack the microtubule-

associated proteins (MAPs): MAP1B, MAP2, Tau, STOP, and Doublecor-

tin] proliferate in the presence of fetal bovine serum, and, in its absence,

cease dividing and generate processes similar to the neurites of normal neu-

rons. The reintroduction of serum induces neurite retraction, and

proliferation resumes. The neurite retraction process in catecholamine-

differentiated cells was partially characterized in this study. Microtubules in

the cells were found to be in a highly dynamic state, and tubulin in the

microtubules consisted primarily of the tyrosinated and deacetylated iso-

types. Increased levels of acetylated or D2-tubulin (which are normally

absent) did not prevent serum-induced neurite retraction. Treatment of

differentiated cells with lysophosphatidic acid or adenosine deaminase

induced neurite retraction. Inhibition of Rho-associated protein kinase,

ATP depletion and microfilament disruption each (individually) blocked

serum-induced neurite retraction, suggesting that an ATP-dependent acto-

myosin system underlies the mechanism of neurite retraction. Nocodazole

treatment induced neurite retraction, but this effect was blocked by pretreat-

ment with the microtubule-stabilizing drug paclitaxel (Taxol). Paclitaxel did

not prevent serum-induced or lysophosphatidic acid-induced retraction,

suggesting that integrity of microtubules (despite their dynamic state) is nec-

essary to maintain neurite elongation, and that paclitaxel-induced stabiliza-

tion alone is not sufficient to resist the retraction force induced by serum.

Transfection with green fluorescent protein–Tau conferred resistance to

retraction caused by serum. We hypothesize that, in normal neurons

(cultured or in vivo), MAPs are necessary not only to stabilize microtubules,

but also to establish interactions with other cytoskeletal or membrane com-

ponents to form a stable structure capable of resisting the retraction force.

Introduction

There have been few studies on the process of neurite

retraction in comparison with the number of studies on

elongation, guidance and synapses of neural processes.

Because of the great complexity of the nervous system,
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researchers tend to first investigate how neurons are

built. The use of cultured neurons provides a useful tool

for this purpose. In spite of the successful primary cul-

ture of certain types of neurons, it is difficult to over-

come certain methodological problems, including the

time-consuming and delicate procedures required for

preparation of cells, and the limited numbers of cells

that can be obtained. Certain types of cultured neuron-

like cells have been successfully utilized in many studies.

CAD (Cath.a-differentiated) cells are derived from a

catecholaminergic central nervous system cell line estab-

lished by targeted oncogenesis in transgenic mice. These

cells provide a useful model for studies of neurite elon-

gation and retraction because: (a) the cells are rounded

and proliferate in standard culture medium containing

fetal bovine serum; (b) when deprived of fetal bovine

serum, the cells stop proliferating and generate long

processes that are similar in many respects to those of

normal neurons; and (c) when fetal bovine serum is

reintroduced, the processes rapidly retract and the cells

resume growth. CAD cells express neuron-specific

proteins such as class III b-tubulin, GAP-43, SNAP-25,

synaptotagmin, and other neuropeptides [1,2]. The

intracellular transport system powered by kinesins and

dyneins functions similarly to other neuronal systems

[3–5]. Electrophysiological studies have demonstrated

that action potentials can be induced and voltage-

dependent sodium and potassium currents can be

elicited in CAD cells [6]. The microfilament and

neurofilament systems appear to be normal. Several

microtubule (MT)-associated proteins (MAPs: MAP1B,

MAP2, Tau, STOP, and Doublecortin) are absent in

differentiated and undifferentiated CAD cells [7].

MTs are highly dynamic structures formed

predominantly by tyrosinated tubulin (Tyr-Tub); the

detyrosinated isotype (Glu-Tub) is scarce, D2-tubulin
is absent, and the acetylated isotype (Ac-Tub) is essen-

tially undetectable. In spite of the absence of stabiliz-

ing proteins and stabilized MTs, the rate of neurite

elongation of CAD cells is similar to that of cultured

rat hippocampal neurons [7]. We found that neurite

retraction in CAD cells is sensitive to lysophosphatidic

acid (LPA) and adenosine deaminase (ADA), and that

an ATP-hydrolyzing actomyosin system is responsible

for the centripetal force that leads to neurite retraction

in response to fetal bovine serum addition. The numer-

ous properties and events that are similar to those of

normal cells, and the unusual absence of MAPs, make

CAD cells an excellent system for studies of neuronal

functions in which MAPs are suspected to be involved.

The results of the present study suggest that MAPs in

primary cultured neurons function not only to stabilize

MTs, but also to establish contacts with other cellular

components, leading to the formation of a structure

resistant to the contractile force of the actomyosin sys-

tem that tends to retract neurites.

Results

Neurite retraction induced by LPA and by ADA

The identities and properties of the compounds in fetal

bovine serum that elicit neurite retraction in CAD cells

are of obvious interest. Several compounds other than

fetal bovine serum have been found to induce neurite

retraction in various cells lines, e.g. thrombin, LPA,

prostaglandins, dopamine, propofol, and nitric oxide

[8–12]. We examined the abilities of some of these

compounds to induce neurite retraction in CAD cells.

LPA is a phospholipid that serves as a precursor in

de novo lipid synthesis and produces many cellular

responses through its interaction with G-protein-cou-

pled transmembrane LPA receptors. It is involved in a

variety of cellular phenomena, including cytoskeletal

actin rearrangement leading to neurite collapse or

axon branching [13,14], stimulation or inhibition of

cell proliferation [15], and inhibition of gap junction

communication [16]. In the present study, treatment of

cells with purified LPA resulted in neurite retraction

similar to that induced by fetal bovine serum (Fig. 1A,

B). This finding suggests that neurite retraction in

CAD cells is governed by signaling cascades that are

common to various types of neurons and neuronal cell

lines [11,17–19].
ADA is an enzyme that catalyzes the hydrolytic

deamination of adenosine to inosine. The location of

ADA is mainly cytoplasmic, but it is also found asso-

ciated with membrane fractions [20,21]. In addition to

its primary function, ADA has been shown to stimu-

late the release of excitatory amino acids through a

mechanism independent of adenosine depletion [22]. In

the same study, ADA was shown to induce calcium

influx and increased phosphoinositide hydrolysis. In

view of the finding by Tigyi et al. (1996) [11] that cal-

cium and phosphoinositides are involved in neurite

retraction, we hypothesized that ADA could have a

retracting effect in our experimental model. Treatment

of differentiated CAD cells with 10 U�mL�1 ADA

resulted in partial neurite retraction (Fig. 1A,B).

The tyrosination and acetylation state of tubulin

in relation to MT dynamics in CAD cells

Two of the most extensively studied post-translational

modifications of tubulin are the cyclic detyrosination/

tyrosination that occurs at the C-terminus of the
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a-chain and the acetylation/deacetylation of the

e-NH2-group of lysine at position 40 of the a-chain.
These modifications in cells determine various

combinations of tubulins and MTs based on their state

of tyrosination (�) and acetylation (�). High levels of

Glu-Tub or Ac-Tub are frequently used as ‘markers’

of stable MTs, based on previously determined kinetics

of the two reactions [23–25]. In contrast, high levels of

Tyr-Tub or nonacetylated tubulin are indicative of

dynamic MTs. Our fluorescence recovery after photo-

bleaching (FRAP) analysis of MT dynamics in differ-

entiated cells showed that these structures are highly

dynamic and have a half-life of 5.5 min (Fig. 2B).

Measurement of sensitivity to nocodazole treatment

indicated a half-life of 6 min (Fig. 3C).

Detyrosination and acetylation of tubulin are gener-

ally considered to be consequences rather than causes

of MT stabilization; however, some uncertainty

regarding this relationship remains. In CAD cells,

Tyr-Tub is the predominant tubulin isotype, the level

of Glu-Tub is very low, D2-tubulin is absent, and

Ac-Tub is essentially undetectable (Fig. 3A). These

A

B

Fig. 1. Effects of fetal bovine serum, LPA and ADA treatment on

neurite length. (A) CAD cells that had differentiated for 5 days

were treated with purified ADA (final concentration of 10 U�mL�1),

purified LPA (final concentration of 2 lM), or fetal bovine serum

(final concentration of 10%). Images were taken at t = 0 and

40 min. Scale bar: 45 lm. (B) Quantification of neurite length at

t = 0 and 40 min. The values shown are mean � standard

deviation from three independent experiments.

A

B

Fig. 2. Dynamics of MTs of differentiated CAD cells as assessed

by FRAP. (A) Undifferentiated cells were transfected with GFP–Tyr-

Tub, and cultured for 48 h under differentiating conditions;

appropriate neurites were then selected for FRAP analysis. Blue

circle: bleached region. White circle: background. Red circle:

unbleached region. Images were taken every 3 s during a 14-min

period after bleaching. Images at the indicated times are from a

typical experiment from two replicates. (B) Quantification of

fluorescence intensity of the three regions in (A).
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observations of tyrosination and acetylation states are

consistent with the highly dynamic state of MTs

(Figs 2B and 3C). In view of the relationship between

Ac-Tub and stable MTs, we examined the effect of a

transient increase in the level of Ac-Tub on MT dynam-

ics and on neurite retraction induced by fetal bovine

serum-containing medium. An increase in the level of

Ac-Tub caused by trichostatin A (TSA) treatment did

not modify MT dynamics in neurites, as assessed by sen-

sitivity to nocodazole (Fig. 3B,C). Similarly, TSA treat-

ment had no effect on fetal bovine serum-induced

neurite retraction (Fig. 4A,B). The transient increase in

the level of Ac-Tub caused by TSA treatment had no

significant effect on the tubulin tyrosination state

(Fig. 3A).

A

B

C

Fig. 3. Acetylation and tyrosination state of tubulin in relation to

MT dynamics. (A) CAD cells were treated (+) or not treated (�)

with 0.5 lM TSA, dissolved in Laemmli sample buffer, for 16 h,

and subjected to western blotting and staining of separate aliquots

by the indicated antibodies. (B) Cells that had differentiated for

5 days were treated (+) or not treated (�) with 0.5 lM TSA for

16 h in culture medium lacking fetal bovine serum, incubated with

10 lM nocodazole (noc) for the indicated times, and immediately

processed for isolation of the cytoskeletal fraction (i.e. MTs

remaining after nocodazole treatment), as described in

Experimental procedures. This fraction was subjected to western

blotting with mAb DM1A. (C) Quantification of remaining MTs as a

function of time. The optical density corresponding to the tubulin

bands in the western blots shown in (B) were measured and

expressed as a percentage of the value at t = 0. The values shown

are mean � standard deviation from three independent

experiments.

A

B

Fig. 4. Effect of TSA treatment on fetal bovine serum-induced

neurite retraction. (A) CAD cells that had differentiated for 5 days

were treated (+) or not treated (�) with 0.5 lM TSA for 16 h, and

fetal bovine serum was added to the medium (final concentration

of 10%). The images show representative fields of the cells prior

to fetal bovine serum addition (0 min) and after 40 min of

incubation. Scale bar: 45 lm. (B) Quantification of neurite length

before (0 min) and after (40 min) fetal bovine serum addition. The

values shown are mean � standard deviation from four

independent experiments.

4770 FEBS Journal 281 (2014) 4767–4778 ª 2014 FEBS

Retraction of CAD cell neurites M. E. Chesta et al.



The D2-tubulin isotype is easily detectable in brain

tissue, being present in differentiated neurons, and

abundant in long-lived animal species [26–28]. Mature

brain neurons and long-lived neurons in culture con-

tain a high proportion of stable MTs, suggesting that

D2-tubulin may be involved in MT stabilization and

impede neurite retraction. To test this possibility, we

transfected CAD cells with the green fluorescent pro-

tein (GFP)–D2-a-tubulin plasmid (which lacks

sequences corresponding to the last two C-terminal

amino acids), and examined the effect of such transfec-

tion on fetal bovine serum-induced neurite retraction.

Neurites generated by the transfected cells showed

retraction behavior similar to that of control cells

transfected with GFP–Tyr-a-tubulin plasmid (Fig. 5).

These findings indicate that the transient expression

of tubulin isotypes associated with stable MTs does

not generate neurite stabilization when retraction is

induced by fetal bovine serum.

Neurite retraction is independent of MT

dynamics

Neural processes retract rather than undergoing fur-

ther elongation if an MT-depolymerizing drug (e.g. no-

codazole) is added to the culture medium [11,29]. In

the present study, serial photographs taken during

CAD cell differentiation in fetal bovine serum-free

medium showed that elongation proceeded at rate sim-

ilar to that of cultured hippocampal rat neurons (data

not shown). Upon addition of nocodazole (final con-

centration of 10 lM) to the culture medium, the neu-

rites stopped elongating and began to retract. The

neurites showed ~ 50% retraction 40 min after noco-

dazole addition (Fig. 6B), in comparison with ~ 80%

retraction induced by fetal bovine serum addition.

These two types of neurite retraction were similar but

not identical. Nocodazole treatment resulted in

decreased neurite diameters (Fig. 6A, insets) and sub-

sequent fragmentation and/or disappearance, leading

to neurite shortening. In contrast, fetal bovine serum-

induced neurite retraction involved a decrease in neu-

rite length without a notable reduction in diameter or

fragmentation (Fig. 6A, insets).

Pretreatment of differentiated CAD cells with the

MT-stabilizing drug paclitaxel (Taxol) interfered some-

how with fetal bovine serum-induced neurite retrac-

tion. A few minutes after fetal bovine serum addition,

we observed abnormal retraction involving reduced

diameters and fragmentation of neurites (data not

shown), leading to neurite shortening after ~ 40 min.

The same phenomenon was observed when LPA was

added to paclitaxel-pretreated cells. In contrast, pre-

treatment of cells with paclitaxel and subsequent treat-

ment with nocodazole did not result in neurite

retraction (Fig. 7A,B). These findings suggest that dif-

ferent biochemical mechanisms control nocodazole-

induced and fetal bovine serum/LPA-induced neurite

retraction.

A

B

Fig. 5. Effect of D2-tubulin transfection on fetal bovine serum-

induced neurite retraction. (A) Undifferentiated CAD cells were

transfected with plasmids carrying GFP–D2-tubulin or GFP–Tyr-Tub.

After 48 h under differentiating conditions, cells were tested for

fetal bovine serum-induced neurite retraction. Cells were fixed

before (t = 0) or after (120 min) serum addition. The photographs

show fluorescent images from a typical experiment. Scale bar:

25 lm. (B) Quantification of neurite lengths of transfected cells

before and after fetal bovine serum addition. For statistical analysis

of neurite length for each sample, five different fields were

analyzed per experiment. The values shown are mean � standard

deviation from three independent experiments.
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An ATP-dependent actomyosin system is

involved in fetal bovine serum-induced neurite

retraction

When differentiated CAD cells were treated with

sodium azide to decrease the level of intracellular

ATP, subsequent addition of fetal bovine serum to the

culture medium did not result in complete neurite

retraction (Fig. 8A). Similarly, after treatment of dif-

ferentiated cells with cytochalasin D to disrupt micro-

filament structure, fetal bovine serum addition did not

result in neurite retraction (Fig. 8B). These findings

suggest that the integrity of the filamentous actomyo-

sin system operating in an ATP-dependent mechanism

is essential for fetal bovine serum-induced neurite

retraction in CAD cells. Treatment of differentiated

cells with the Rho-associated protein kinase (ROCK)

inhibitor Y-27632 also inhibited fetal bovine serum-

induced neurite retraction (Fig. 9A,B), suggesting that

ROCK and microfilaments are involved in the genera-

tion of actomyosin contractility through Rho kinase-

dependent signaling. This pathway is presumably

responsible for the generation of the contractile force

A

B

Fig. 6. Comparison of fetal bovine serum-induced and nocodazole-

induced neurite retraction. (A) CAD cells that had differentiated for

5 days were treated with 10 lM nocodazole or 10% fetal bovine

serum. For each sample, photographs of several fields were taken

at t = 0 and 40 min. Images from a typical experiment are shown.

Scale bar: 45 lm. (B) Quantification of neurite length at t = 0 and

40 min. The values shown are mean � standard deviation from

three independent experiments.

A

B

Fig. 7. Effect of pretreatment with paclitaxel on fetal bovine

serum-induced, LPA-induced and nocodazole-induced neurite

retraction. (A) CAD cells that had differentiated for 5 days were

pretreated for 2 h with 10 lM paclitaxel, and then treated with

10% fetal bovine serum, 2 lM LPA, or 10 lM nocodazole. Images

were taken at t = 0 and 40 min. Scale bar: 45 lm. (B)

Quantification of neurite length at t = 0 and 40 min. The values

shown are mean � standard deviation of four independent

experiments.
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that produces fetal bovine serum-induced neurite

retraction in CAD cells.

Transfection of CAD cells with GFP–Tau induces

resistance to retraction of neural processes

Taking into account that the development of healthy

processes in cultures of cells of neural origin requires

the presence of serum in the medium, an intriguing

question arising from this work is why processes gen-

erated by CAD cells retract when serum or other fac-

tors are included in the culture medium. We

considered the possibility that this was attributable to

the reported lack of MAPs. We therefore transfected

CAD cells with a plasmid containing GFP–Tau, and,

A

B

C

Fig. 8. Effects of intracellular ATP depletion and microfilament

disruption on fetal bovine serum-induced neurite retraction. (A)

CAD cells that had differentiated for 5 days were cultured for

30 min in NaCl/Pi in the presence (+) or absence (�) of 20 mM

sodium azide, and fetal bovine serum (final concentration of 10%)

was added to the culture medium. Images were taken at t = 0 and

40 min after fetal bovine serum addition. Scale bar: 45 lm. (B)

Cells that had differentiated for 5 days were cultured for 10 min in

the presence (+) or absence (�) of 60 lM cytochalasin D, and fetal

bovine serum (final concentration of 10%) was added to the

culture medium. Images of the same field were taken at t = 0 and

40 min after fetal bovine serum addition. Scale bar: 45 lm. (C)

Quantification of neurite length at t = 0 and 40 min, from five

different fields per experiment. The values shown are

mean � standard deviation from three independent experiments.

A

B

Fig. 9. Effect of ROCK inhibition on fetal bovine serum-induced

neurite retraction. (A) CAD cells that had differentiated for 5 days

were cultured for 15 min in the presence (+) or absence (�) of

10 lM Y-27632, and fetal bovine serum (final concentration of

10%) was added to the culture medium. Images were taken at

t = 0 and 40 min after fetal bovine serum addition. Scale bar:

45 lm. (B) Quantification of neurite length at t = 0 and 40 min.

The values are mean � standard deviation from three independent

experiments.
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after 2–3 days of differentiation, added serum and

determined the presence of processes at time zero

(t = 0, immediately before serum addition) and after

15 h. At the corresponding times, cells were fixed and

subjected to immunofluorescence with the DM1A anti-

body against a-tubulin to visualize all of the processes.

Figure 10A shows that, at t = 0, most of the processes

(tubulin in red) were not positive for GFP–Tau.
However, after 15 h in the presence of serum, most of

the processes that had resisted retraction were GFP–
Tau-positive. Approximately 20 fields from three inde-

pendent experiments were analyzed for quantitative

determination of red and green processes. The results

from the quantitative analysis in Fig. 10B show that,

at t = 0, 32% of the total processes expressed GFP–
Tau, whereas after 15 h of retraction 88% of the pro-

cesses that resisted the retraction contained GFP–Tau.
This result indicates that practically all of the

processes lacking GFP–Tau were retracted during the

15-h period, whereas those in which Tau was expressed

were not sensitive to the retractile action of serum. In

other words, even though we do not know the detailed

mechanism, it seems that Tau confers resistance to the

retraction induced by serum on CAD processes. This

is also supported by the fact that nontransfected CAD

cells that were differentiated for 2 days had practically

no processes after 15 h in the presence of serum,

whereas 20% of the GFP–Tau-transfected cells cul-

tured in parallel had one or more processes (result not

shown).

Discussion

We found that neurites of cultured CAD cells retract

under a centripetal force generated by an ATP-depen-

dent actomyosin system (Fig. 8), which is similar to

findings in other types of neural cells. This force-gener-

ating system is activated by factors present in fetal

bovine serum. A question thus arises regarding the

mechanism whereby neurons resist neurite retraction

or even show neurite elongation under conditions in

which retraction inducers are present, e.g. in vivo sys-

tems and primary cultures of neurons. We demon-

strated previously that CAD cells lack several of the

major MAPs, and that MTs are highly dynamic under

the above conditions [7]. It is therefore possible that

retraction in normal cells is not effective even in the

presence of retraction inducers, because MTs are stabi-

lized by a single MAP or the joint action of several

MAPs. This concept is consistent with the generally

accepted idea that MT stabilization is essential for

normal elongation and functioning of neuronal pro-

cesses [30–32].

A

B

Fig. 10. Expression of GFP–Tau in CAD cells confers resistance

to the retraction of the processes. (A) Representative confocal

images of CAD cells transfected with the PcDNA3-GFP–Tau23

plasmid as described in Experimental procedures, and

differentiated for 2–3 days. Images correspond to samples that

were stained with antibody against a-tubulin processed for

immunofluorescence before (t = 0) and 15 h after the addition of

serum to induce retraction of the processes. Photographs from

different fields of several samples were taken with a Confocal

Spectral version FLOWVIEW 1000 (Olympus) in the green and red

channels. Scale bar: 45 lm. Because the amount of GFP–Tau

bound to MTs is low in comparison with tubulin, green processes

are difficult to visualize. We therefore slightly increased the

contrast of images in the green channel. (B) The numbers of

processes containing GFP–Tau (green) and MTs (red) were

measured in at least 10 fields of different samples. Only

processes longer than 40 lm were considered for counting. For

samples at t = 0 and 15 h, the percentages of processes

expressing GFP–Tau (green) were calculated with respect to total

processes (100%). In each case, total processes were considered

to be the number of processes stained with the DM1A antibody.

Values are the mean � standard deviation from three independent

experiments.
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The distinctive characteristic of CAD cells of lacking

several MAPs allowed us to study the effect of MT

stabilization on neurite retraction induced by fetal

bovine serum or LPA. MT stabilization alone was not

sufficient to impede neurite retraction generated by

fetal bovine serum or LPA (Fig. 7). We therefore

examined the cells for other differences from normal

neurons that may be responsible for neurite retraction

even when MTs are stabilized with paclitaxel. As

observed here and in our previous study [7], the pri-

mary tubulin component of CAD cells is Tyr-Tub;

Glu-Tub is scarce, D2-tubulin is absent, and the

Ac-Tub content is negligible. Mature brain neurons

contain many stable MTs and a high D2-tubulin con-

tent, suggesting a relationship between this tubulin iso-

type and stabilization. The acetylation of tubulin has

been considered to be a marker of ‘stable MTs’. How-

ever, neither a pharmacological increase in Ac-Tub

content nor transfection with D2-tubulin impeded neu-

rite retraction in CAD cells (Figs 4 and 5).

We were unable to find differences between CAD

cells and normal neurons other than those already

described. We therefore focused on the major known

difference: the absence of MAPs. We were able to

study the effect of MT stabilization in the absence of

MAPs in these cells. Because MT stabilization alone

(by paclitaxel) was not sufficient to impede retraction,

we hypothesize that MAPs in normal neurons, in addi-

tion to their role in MT stabilization, function to

establish contacts with other cytoskeletal or membrane

components to form a structure capable of resisting

the retraction force generated by the actomyosin

system. Microscopic observations in previous studies

[33–36] have shown that MAPs interact with adjacent

structures. The present study is the first to indicate

(although indirectly) a similar type of interaction with

a functional approach. The observation that transfec-

tion of MT actin-crosslinking factor resulted in inhibi-

tion of LPA-induced neurite retraction [37] is

consistent with our hypothesis. In addition, our pro-

posal is strongly supported by the resistance to retrac-

tion (induced by serum) conferred on CAD cell

processes by the expression of GFP–Tau (Fig. 10). An

alternative hypothesis, which is also based on the

interaction of MTs with adjacent structures to confer

resistance to retraction, is that arising from our previ-

ous findings regarding the interaction of MTs with the

sodium pump (Na+/K+-ATPase) [38–40]. Because this

ATPase is an integral membrane protein, we visualize

such an interaction as an ‘anchoring’ of MTs to the

membrane that is involved in the formation of a struc-

tural complex resistant to neurite retraction.

Experimental procedures

Chemicals

Nocodazole, paclitaxel (Taxol), TSA, 1-oleoyl-LPA, ADA,

cytochalasin D, culture media, the Ac-Tub mouse mAb 6-

11B-1, the Tyr-Tub mouse mAb Tub-1A2, the b-actin
mouse mAb AC-15 and the total a-tubulin mouse mAb

DM1A were from Sigma-Aldrich (St Louis, MO, USA).

Rabbit polyclonal antibodies specific to Glu-Tub and D2-
tubulin were prepared in our laboratory as described

previously [41]. IRDye 800CW goat anti-(mouse IgG) and

IRDye800CW goat anti-(rabbit IgG) were from Li-Cor

Biosciences (Lincoln, NE, USA). Lipofectamine 2000 and

Cy3 antibody were from Invitrogen (Grand Island, NY,

USA). Fetal bovine serum was from Natocor (C�ordoba,

Argentina). Y-27632 and FluorSave were from Calbiochem

(Billerica, MA, USA).

Cell culture

CAD cells were cultured in DMEM/F12 (50 : 50, v/v) sup-

plemented with 10% (v/v) fetal bovine serum,

10 units�mL�1 penicillin, and 100 lg�mL�1 streptomycin,

and maintained in a humidified atmosphere (air/CO2,

19 : 1) at 37 °C. Differentiation of cells was induced by

removal of the culture medium and its replacement with

fetal bovine serum-free medium. The differentiation status

of cells was assessed by microscopic examination.

GFP–tubulin and GFP–Tau transfection

CAD cells were grown on coverslips in 24-well plates, and

transfected with Lipofectamine 2000 reagent and the plas-

mid pEGFP–Tub (Clontech, Mountain View, CA, USA),

and PcDNA3-GFP–Tau23 (a gift from M. Rasenick and

G. Morfini, University of Illinois at Chicago, IL, USA).

The manufacturer’s protocol was modified by the addition

of fetal bovine serum (final concentration of 1%) and

1.3 lL of Lipofectamine 2000 per reaction. After 6 h, dif-

ferentiation of cells was induced by removal of the culture

medium and its replacement with fetal bovine serum-free

medium. Cells were fixed with NaCl/Pi containing 4%

paraformaldehyde and 3% sucrose for 10 min, and the cov-

erslips were mounted with FluorSave.

Immunofluorescence

Cells were cultured on coverslips, fixed with NaCl/Pi con-

taining 4% paraformaldehyde and 3% sucrose for 10 min,

and then extracted with NaCl/Pi containing 0.25%

Triton X-100. The samples were washed with NaCl/Pi,

incubated with 5% (w⁄v) BSA in NaCl/Pi for 1 h, and then

incubated with the primary antibody for 4 h at 37 °C.
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After three washes with NaCl/Pi, cells were incubated for

1 h at 37 °C with Cy3 anti-mouse IgG at a 1 : 2000 dilu-

tion. Coverslips were mounted in FluorSave (Calbiochem,

San Diego, CA, USA), and fluorescence was observed on a

Confocal Spectral version FLOWVIEW 1000 (Olympus). When

a comparison of different preparations was necessary, pho-

tographs were taken with the same gain value.

FRAP

Undifferentiated CAD cells were grown in a borosilicate

chamber (Lab-Tek, Nalge Nunc, Waltham, MA, USA) and

transfected with GFP–Tyr-a-tubulin. After 48 h under dif-

ferentiating conditions, cells were subjected to FRAP

analysis, i.e. photobleaching of GFP–tubulin in a defined

area of the cell and measurement of fluorescence recovery

in this area as a function of time. Fluorescence values in a

background region and in a neighboring unbleached cell

were also measured. Images of living cells in FRAP experi-

ments were acquired with a 20 9 0.5 numerical aperture

objective (Plan Neofluar; Carl Zeiss, Jena, Germany) with

the confocal pinhole of the microscope fully open. Selective

photobleaching of GFP was performed under a laser scan-

ning confocal microscope (model FV1000; Olympus; Center

Valley, PA, USA). Living cells were maintained at 37 °C in

a 5% CO2 atmosphere during image acquisition. Fluores-

cence quantification in selected regions of interest was per-

formed with METAMORPH 4.5 (Molecular Devices,

Sunnyvale, CA, USA).

Isolation of the cytoskeletal fraction

CAD cells were grown under differentiating conditions

(fetal bovine serum-free medium) in capsules (diameter of

3.5 cm) for 5 days. To isolate the cytoskeletal fraction, a

five-fold-concentrated MT-stabilizing buffer was added

directly to each capsule to give final concentrations of

100 mM Mes (pH 6.7), 1 mM EGTA, 1 mM MgCl2, 10%

glycerol, 10 lM paclitaxel, and 5 lM phenylmethanesulfonyl

fluoride. After 2 min, Triton X-100 was added (final con-

centration of 0.5%), and the cultures were maintained at

37 °C for 4 min with frequent gentle agitation. The resi-

dues were scraped off and transferred to plastic tubes, and

the cytoskeletal fractions were separated from the cytosolic

fractions by centrifugation (7000 g, 5 min). The pellet frac-

tions were washed with one-fold MT-stabilizing buffer, cen-

trifuged at 20 000 g for 5 min, and resuspended in

Laemmli sample buffer.

SDS/PAGE and western blotting

Proteins were separated by SDS/PAGE (10% gels) [42] and

transferred to nitrocellulose sheets [43]. After blocking with

5% nonfat dried milk powder in NaCl/Pi, the sheets were

incubated with various primary antibodies for 4 h at room

temperature, in 1% nonfat dried milk powder in NaCl/Pi, as

follows: anti-total a-tubulin IgG and anti-Ac-Tub IgG

(1 : 5000 dilution); anti-Tyr IgG and anti-b-actin IgG

(1 : 3000 dilution); anti-Glu serum and anti-D2-tubulin
serum (1 : 500 dilution). The sheets were washed three times,

incubated with infrared fluorescent secondary antibodies for

1 h at room temperature (1 : 25 000 dilution), washed again,

and scanned with an Odyssey infrared scanner (Li-Cor).

Optical density of bands were quantified with SCION IMAGE

(Scion Corp.; http://scion-image.software.informer.com/).

Microscopy and neurite length measurement

Phase contrast images were collected with an inverted

microscope (Axiovert 135; Carl Zeiss) equipped with an

Olympus XM10 camera and CELLSENS digital imaging soft-

ware (Olympus). The length of each process was quantified

with IMAGE J (National Institutes of Health, Bethesda, MD,

USA). For each sample, five different areas were analyzed,

and the sum of the lengths of the measured processes was

divided by the number of cells. Cells without processes

were excluded from the analysis. In some experiments, as

indicated, the analysis of neurite length was performed on

a single group of cells that were sequentially photographed

over time.

All microscopic observations, including those for FRAP

experiments, were performed with facilities provided by the

Centro de Microscop�ıa Optica de Avanzada (CIQUI-

BIC – CONICET, C�ordoba, Argentina).

Acknowledgements

This study was supported by the Agencia Nacional de

Promoci�on Cient�ıfica y Tecnol�ogica de la Secretar�ıa de

Ciencia y Tecnolog�ıa del Ministerio de Cultura y

Educaci�on (Pr�estamo BID – PICT 1439), the Consejo

Nacional de Investigaciones Cient�ıficas y T�ecnicas

(CONICET), and the Secretar�ıa de Ciencia y T�ecnica

de la Universidad Nacional de C�ordoba. The authors

are grateful to S. Anderson for English-language edit-

ing of the manuscript. The authors declare no conflict

of interest.

Author contributions

Mar�ıa E. Chesta has the main contributor as she has

performed most of the experiments. Agust�ın Carbajal

has performed some of the last experiments focusing

on the statistics and counting of neurites and partici-

pated in discussion of most of the experiments. Carlos

A. Arce participated in most discusions and with his

experience has oriented some parts of the work.

4776 FEBS Journal 281 (2014) 4767–4778 ª 2014 FEBS

Retraction of CAD cell neurites M. E. Chesta et al.

http://scion-image.software.informer.com/


Gast�on Bisig initiated the study of CAD cells and con-

trolled all the performance of the experiments and ori-

entation of this work.

References

1 Qi Y, Wang JK, McMillian M & Chikaraishi DM

(1997) Characterization of a CNS cell line, CAD, in

which morphological differentiation is initiated by

serum deprivation. J Neurosci 17, 1217–1225.

2 Li Y, Hou LX-E, Aktiv A & Dahlstr€om A (2005)

Immunohistochemical characterisation of differentiated

CAD cells: expression of peptides and chromogranins.

Histochem Cell Biol 124, 25–33.

3 Muresan Z & Muresan V (2005) Coordinated transport

of phosphorylated amyloid-beta precursor protein and

c-Jun NH2-terminal kinase-interacting protein-1. J Cell

Biol 171, 615–625.

4 Verhey KJ, Meyer D, Deehan R, Blenis J, Schnapp BJ,

Rapoport TA & Margolis B (2001) Cargo of kinesin

identified as JIP scaffolding proteins and associated

signaling molecules. J Cell Biol 152, 959–970.

5 Szebenyi G, Hall B, Yu R, Hashim AI & Kr€amer H

(2007) Hook2 localizes to the centrosome, binds directly

to centriolin/CEP110 and contributes to centrosomal

function. Traffic 8, 32–46.

6 Wang H & Oxford GS (2000) Voltage-dependent ion

channels in CAD cells: a catecholaminergic neuronal

line that exhibits inducible differentiation.

J Neurophysiol 84, 2888–2895.

7 Bisig CG, Chesta ME, Zampar GG, Purro SA,

Santander VS & Arce CA (2009) Lack of stabilized

microtubules as a result of the absence of major maps

in CAD cells does not preclude neurite formation.

FEBS J 276, 7110–7123.

8 Jalink K & Moolenaar WH (1992) Thrombin receptor

activation causes rapid neural cell rounding and neurite

retraction independent of classic second messengers.

J Cell Biol 118, 411–419.

9 Tamiji J & Crawford DA (2010) Prostaglandin E(2)

and misoprostol induce neurite retraction in Neuro-2a

cells. Biochem Biophys Res Commun 398, 450–456.

10 Turina D, Loitto VM, Bj€ornstr€om K, Sundqvist T &

Eintrei C (2008) Propofol causes neurite retraction in

neurones. Br J Anaesth 101, 374–379.

11 Tigyi G, Fischer DJ, Seb€ok A, Yang C, Dyer DL &

Miledi R (1996) Lysophosphatidic acid-induced neurite

retraction in PC12 cells: control by phosphoinositide-

Ca2+ signaling and Rho. J Neurochem 66, 537–548.

12 He Y, Yu W & Baas PW (2002) Microtubule

reconfiguration during axonal retraction induced by

nitric oxide. J Neurosci 22, 5982–5991.

13 Furuta D, Yamane M, Tsujiuchi T, Moriyama R &

Fukushima N (2012) Lysophosphatidic acid induces

neurite branch formation through LPA3. Mol Cell

Neurosci 50, 21–34.

14 Fukushima N, Ishii I, Habara Y, Allen CB & Chun J

(2002) Dual regulation of actin rearrangement through

lysophosphatidic acid receptor in neuroblast cell lines:

actin depolymerization by Ca2+-alpha-actinin and

polymerization by Rho. Mol Biol Cell 13, 2692–2705.

15 Tigyi G, Dyer DL & Miledi R (1994) Lysophosphatidic

acid possesses dual action in cell proliferation. Proc

Natl Acad Sci USA 91, 1908–1912.

16 Hill CS, Oh SY, Schmidt SA, Clark KJ & Murray AW

(1994) Lysophosphatidic acid inhibits gap-junctional

communication and stimulates phosphorylation of

connexin-43 in WB cells: possible involvement of the

mitogen-activated protein kinase cascade. Biochem J

303, 475–479.

17 Saito S (1997) Effects of lysophosphatidic acid on

primary cultured chick neurons. Neurosci Lett 229,

73–76.

18 Fukushima N & Morita Y (2006) Actomyosin-

dependent microtubule rearrangement in

lysophosphatidic acid-induced neurite remodeling of

young cortical neurons. Brain Res 1094, 65–75.

19 Jalink K, Eichholtz T, Postma FR, Van Corven J &

Moolenaar WH (1993) Lysophosphatidic acid induces

neuronal shape changes via a novel, receptor-mediated

signaling pathway: similarity to thrombin action. Cell

Growth Differ 4, 247–255.

20 Saura C, Ciruela F, Casad�o V, Canela EI, Mallol J,

Lluis C & Franco R (1996) Adenosine deaminase

interacts with A1 adenosine receptors in pig brain

cortical membranes. J Neurochem 66, 1675–1682.

21 Ciruela F, Saura C, Canela EI, Mallol J, Lluis C &

Franco R (1996) Adenosine deaminase affects ligand-

induced signalling by interacting with cell surface

adenosine receptors. FEBS Lett 380, 219–223.

22 Catania MV, Sortino MA, Rampello L, Canonico PL

& Nicoletti F (1991) Adenosine deaminase increases

release of excitatory amino acids through a mechanism

independent of adenosine depletion. Neuropharmacology

30, 153–159.

23 Piperno G, LeDizet M & Chang X (1987) Microtubules

containing acetylated tubulin in mammalian cells in

culture. J Cell Biol 104, 289–302.

24 Webster DR & Borisy GG (1989) Microtubules are

acetylated in domains that turn over slowly. J Cell Sci

92, 57–65.

25 Gundersen GG & Bulinski JC (1986) Microtubule

arrays in differentiated cells contain elevated levels of a

post-translationally modified form of tubulin. Eur J

Cell Biol 42, 288–294.

26 Paturle-Lafanech�ere L, Manier M, Trigault N, Pirollet

F, Mazarguil H & Job D (1994) Accumulation of

delta 2-tubulin, a major tubulin variant that cannot be

4777FEBS Journal 281 (2014) 4767–4778 ª 2014 FEBS

M. E. Chesta et al. Retraction of CAD cell neurites



tyrosinated, in neuronal tissues and in stable

microtubule assemblies. J Cell Sci 107, 1529–1543.

27 Paturle-Lafanech�ere L & Job D (2000) The third

tubulin pool. Neurochem Res 25, 11–18.

28 Guillaud L, Bosc C, Fourest-Lieuvin A, Denarier E,

Pirollet F, Lafanech�ere L & Job D (1998) STOP

proteins are responsible for the high degree of

microtubule stabilization observed in neuronal cells.

J Cell Biol 142, 167–179.

29 Solomon F & Magendantz M (1981) Cytochalasin

separates microtubule disassembly from loss of

asymmetric morphology. J Cell Biol 89, 157–161.

30 Kavallaris M, Don S & Verrills NM (2008)

Microtubule associated proteins and microtubule-

interacting proteins: regulators of microtubule

dynamics. In The Role of Microtubules in Cell Biology,

Neurobiology, and Oncology (Fojo AT, ed), pp. 83–104.

Human press, Totowa, NJ.

31 Gonz�alez-Billault C, Engelke M, Jim�enez-Mateos EM,

Wandosell F, C�aceres A & Avila J (2002) Participation

of structural microtubule-associated proteins (MAPs) in

the development of neuronal polarity. J Neurosci Res

67, 713–719.

32 Riederer BM (2007) Microtubule-associated protein 1B,

a growth-associated and phosphorylated scaffold

protein. Brain Res Bull 71, 541–558.

33 Hirokawa N (1994) Microtubule organization and

dynamics dependent on microtubule-associated

proteins. Curr Opin Cell Biol 6, 74–81.

34 Brandt R & Lee G (1993) Functional organization of

microtubule-associated protein tau. Identification of

regions which affect microtubule growth, nucleation, and

bundle formation in vitro. J Biol Chem 268, 3414–3419.

35 Kindler S, Schulz B, Goedert M & Garner CC (1990)

Molecular structure of microtubule-associated

protein 2b and 2c from rat brain. J Biol Chem 265,

19679–19684.

36 Al-Bassam J, Ozer RS, Safer D, Halpain S & Milligan

RA (2002) MAP2 and tau bind longitudinally along the

outer ridges of microtubule protofilaments. J Cell Biol

157, 1187–1196.

37 Fukushima N, Furuta D & Tsujiuchi T (2011)

Coordinated interactions between actin and

microtubules through crosslinkers in neurite retraction

induced by lysophosphatidic acid. Neurochem Int 59,

109–113.

38 Santander VS, Bisig CG, Purro SA, Casale CH, Arce

CA & Barra HS (2006) Tubulin must be acetylated in

order to form a complex with membrane Na(+), K
(+)-ATPase and to inhibit its enzyme activity. Mol Cell

Biochem 291, 167–174.

39 Casale CH, Alonso AD & Barra HS (2001) Brain

plasma membrane Na+, K+-ATPase is inhibited by

acetylated tubulin. Mol Cell Biochem 216, 85–92.

40 Zampar GG, Chesta ME, Carbajal A, Chanaday NL,

D�ıaz NM, Casale CH & Arce CA (2009) Acetylated

tubulin associates with the fifth cytoplasmic domain of

Na(+)/K(+)-ATPase: possible anchorage site of

microtubules to the plasma membrane. Biochem J 422,

129–137.

41 Gundersen GG, Kalnoski MH & Bulinski JC (1984)

Distinct populations of microtubules: tyrosinated and

nontyrosinated alpha tubulin are distributed differently

in vivo. Cell 38, 779–789.

42 Laemmli UK (1970) Cleavage of structural proteins

during the assembly of the head of bacteriophage T4.

Nature 227, 680–685.

43 Towbin H, Staehelin T & Gordon J (1979)

Electrophoretic transfer of proteins from

polyacrylamide gels to nitrocellulose sheets: procedure

and some applications. Proc Natl Acad Sci USA 76,

4350–4354.

4778 FEBS Journal 281 (2014) 4767–4778 ª 2014 FEBS

Retraction of CAD cell neurites M. E. Chesta et al.


