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Decreased tubulin-binding
cofactor B was involved in the
formation disorder of nascent
astrocyte processes by
regulating microtubule plus-end
growth through binding with
end-binding proteins 1 and 3
after chronic alcohol exposure
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Fetal alcohol syndrome (FAS) is a neurological disease caused by excessive

drinking during pregnancy and characterized by congenital abnormalities in

the structure and function of the fetal brain. This study was proposed to

provide new insights into the pathogenesis of FAS by revealing the possible

mechanisms of alcohol-induced astrocyte injury. First, a chronic alcohol

exposure model of astrocytes was established, and the formation disorder was

found in astrocyte processes where tubulin-binding cofactor B (TBCB) was

decreased or lost, accompanied by disorganized microtubules (MT). Second,

to understand the relationship between TBCB reduction and the formation

disorder of astrocyte processes, TBCBwas silenced or overexpressed. It caused

astrocyte processes to retract or lose after silencing, while the processes

increased with expending basal part and obtuse tips after overexpressing. It

confirmed that TBCB was one of the critical factors for the formation of

astrocyte processes through regulating MT plus-end and provided a new

view on the pathogenesis of FAS. Third, to explore the mechanism of TBCB

regulating MT plus-ends, we first proved end-binding proteins 1 and 3

(EB1/3) were bound at MT plus-ends in astrocytes. Then, through interference

experiments, we found that both EB1 and EB3, which formed in heterodimers,

were necessary to mediate TBCB binding to MT plus-ends and thus regulated

the formation of astrocyte processes. Finally, the regulatory mechanism was

studied and the ERK1/2 signaling pathway was found as one of the main

pathways regulating the expression of TBCB in astrocytes after alcohol injury.
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FIGURE 3

The expression of EB1/EB3 and α-tubulin after EB1/EB3 was silenced or EB3 was overexpressed in astrocytes. (A–F) Immunofluorescence

showed that α-tubulin [(A,B) green signal; (C–F) red signal] was co-expressed with EB1 [(A,B) red signal] or EB3 [(C–F) green signal] in astrocytes

both in the control group [Con (A,C,E)] and EB1/EB3 silence group (B,D) or EB3 overexpression group (F). (G,J,M) The number of EB1/EB3

(Continued)
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FIGURE 3 (Continued)

comets and mean gray value (MGV) of MT in astrocytes and its processes (MGV = Integrated Density/Area) after EB1/EB3 was silenced or EB3

was overexpressed. (H,K,N) Western blot and (I,L,O) RT-PCR analysis of the levels of the α-tubulin protein and EB1/EB3 protein and its mRNA

after EB1/EB3 was silenced or EB3 was overexpressed compared with the control group (n = 6, p < 0.05). (A–O) Number of panels. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.

comet-like streaks (Figures 3A,C,E, arrows). Most comets were

arranged radially, with the comet-heads located at MT plus-ends

and the comet-tails toward MT organizing centers, and a few

were arranged on the circle MT plus-ends in the cell cortex. It

indicated that EB1 and EB3 were localized at the plus-ends of

MT in astrocytes.

After EB1 or EB3 silence, the comets were still located at

MT plus-ends, but the numbers decreased significantly (EB1)

or even lost (EB3), and changed into thinner, shorter, and

smaller comets (Figures 3B,D, arrows, Figures 3G,J). In addition,

the content (Figures 3G,I) and numbers (Figures 3B,D,G,J) of

MT were decreased, with a sparse, irregular arrangement and

curly plus-ends (Figures 3B,D, arrows). The astrocyte cortex

was hollowed out and collapsed (Figures 3B,D). These results

proved again EB1 localized at MT plus-ends and involved in the

regulation of the astrocyte.

After the overexpression of EB3, the comet was still localized

at MT plus-ends but significantly denser, longer, and stronger

(Figures 3F,M); meanwhile, MT grew exuberantly, mainly in

regularly radial straight lines, with obviously increased density

and length (Figures 3F,M). The astrocytes were extended and

grew dramatically compared with the control group (Figure 3F).

Combinedwith the silence experiments data, EB3was confirmed

as a microtubule plus-end tracking protein in astrocytes and

involved in regulating the growth of MT plus-ends.

As we all know, EB1 and EB3 were binding proteins

and could not directly act on or regulate MT plus-ends. The

regulation function of MT plus-ends they showed was attributed

to the proteins they were linked. The above experiments had

shown the ability of TBCB to regulate the MT plus-ends.

Therefore, TBCB binding to MT plus-ends through EB1/EB3

affects astrocyte processes was our aim for the subsequent study.

EB1 was necessary to mediate TBCB
binding to MT plus-ends

First, to determine whether EB1 was involved in TBCB

binding with MT plus-ends in astrocytes, EB1 was silenced with

siRNA. EB1 content was decreased (Figures 4C–E), and EB1

comets at MT plus-ends dramatically decreased and shortened

into small dots (Figure 4B, arrows, Figure 4C). Furthermore,

TBCB content decreased significantly (Figures 4C–E), especially

in astrocyte processes, but did not disappear, accompanied

by the number decrease in astrocyte processes (Figure 4B,

arrows, Figure 4C), in which most of them lost their sharp

shape (Figure 4B, arrows). These results indicated that EB1

was necessary to mediate TBCB binding to MT plus-ends, and

through this binding, TBCB could regulate the growth of MT

plus-ends, thus affecting the formation of the astrocyte process.

EB3 was necessary to mediate TBCB
binding to MT plus-ends

Second, to determine whether EB3 mediated TBCB binding

to MT plus-ends, EB3 silence and overexpression were carried

out. After EB3 silence, similar to EB1, the expression of EB3

content was significantly decreased (Figures 5E–G), and the EB3

comets at MT plus-ends were reduced and shortened into small

dots (Figure 5B, arrows). In addition, TBCB content decreased

significantly, especially in astrocyte processes (Figures 5E,F),

and the original high expression of diffused TBCB decreased

significantly (Figure 5B, arrows), accompanied by the decrease

in astrocyte processes (Figures 5B,E). It proved EB3 was needed

for TBCB to perform its normal function on MT plus-ends.

Furthermore, after the overexpression of EB3, EB3 content

(Figures 5H–J), and the length, size, and numbers of EB3

comets increased significantly (Figure 5D, arrows, Figure 5H).

The expression of TBCB was also increased (Figures 5H–J),

and the shape and processes of astrocytes showed no obvious

change (Figure 5D). These results further prove that EB3 was

necessary for TBCB binding to MT plus-ends and contributing

to astrocyte processes.

EB1 and EB3 changed synchronously

Thirdly, to explore the possible relationship between the

two EB proteins and understand the possible binding model

between EB proteins and TBCB, we, respectively, silence and

overexpress one EB protein and detect the changes of the other.

In addition, EB3 comets co-labeled the tip of EB1 comets at MT

plus-ends in the astrocyte control group (Figures 6A,D). After

EB1 was silenced, the protein and gene levels of EB3 decreased

synchronously with EB1 (Figures 6F–H), the EB3 comets shrank

into small dots with the decreased number, and cells’ bodies

also shrank obviously (Figure 6B, arrows, Figure 6F). These

data suggested that the distribution and role of EB3 in MT

plus-ends were closely related to the expression of EB1. In

addition, after EB3 silence, EB1 protein and gene levels also

decreased (Figures 6J,K). Meanwhile, EB1 almost lost the comet
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FIGURE 4

The expression of TBCB after EB1 was silenced in astrocytes. (A,B) Immunofluorescence showed that EB1 [(A,B) red signal] was co-expressed

with TBCB [(A,B) green signal] in astrocytes in the negative control group [Con (A)] and EB1 silence group (B). (C) The number of EB1 comets

and mean gray value (MGV) of TBCB in astrocytes and its processes (MGV = Integrated Density/Area) after EB1 was silenced. (D) Western blot

and (E) RT-PCR analysis of the protein and mRNA levels of EB1 and TBCB after EB1 was silenced compared with the control group (n = 6, p <

0.05). (A–E) Number of panels. ***p < 0.001, ****p < 0.0001.

shape that changed into small dots and decreased (Figure 6C,

arrows, Figure 6I). Furthermore, after EB3 overexpress, the

protein and gene levels of EB1 were increased (Figures 6M,N),

and EB1 comets also increased significantly and changed

longer and stronger (Figure 6E, arrows, Figure 6L). These data

suggested that the distribution and role of EB1 in MT plus-

ends were also closely related to the expression of EB3. They

two changed synchronously and were interdependent, but not

complementary, and necessary for each other.

The change in TBCB expression led to the
synchronous change in EB1 and EB3

Fourthly, to further explore the relationship between TBCB

and EB proteins, TBCB was silenced or overexpressed. After

TBCB silence, the expression of TBCB decreased (Figures 7I–

K) and almost disappeared in astrocyte processes (Figures 7B,F,

arrows, Figure 7I). Conversely, it was abundant in processes after

the overexpression of TBCB (Figures 7D,H, arrows, Figure 7L).

The expression of EB1 and its mRNA both decreased in

the TBCB silence group (Figures 7I–K) and increased in the

overexpression group of TBCB (Figures 7L–N), and the comets

decreased (Figures 7B,F,I), especially in the edge of astrocytes

where the original processes were lost after silence (Figure 7B,

arrowheads) or increased significantly in the nascent process

after overexpression (Figure 7D, arrows, Figure 7L). It suggested

that the change in EB1 was a passivity response to the disorder

of the process formation due to the irregular growth of MT

plus-ends caused by TBCB changes.

The expression of EB3 and its mRNA both decreased in

the TBCB silence group (Figures 7I–K) and increased in the

overexpression group of TBCB (Figures 7L–N). However, its

comets were almost lost and changed into small dots after TBCB

silencing (Figure 7F, arrows, Figure 7I) or increased obviously

and changed bigger and longer after TBCB overexpressing

(Figure 7H, arrows, Figure 7L). It suggested that EB3 was not

only involved in binding with TBCB on MT plus-ends but also

relied, at least partly, on TBCB to execute its normal function.

The above experiments confirmed that alcohol could cause

TBCB decrease, impede the growth of MT plus-ends through

binding with EB1 and EB3, and cause the deficient arrangement

of astrocyte processes, finally leading to neurological symptoms.

However, the signaling pathway that regulates the expression

of TBCB after alcohol exposure is still unclear, and we did the

following experiments to explore it.

ERK1/2 signaling pathway regulated the
expression of TBCB

To determine whether the MAPK signaling pathway

regulates the expression of TBCB, we detected MAPK

phosphorylation levels after chronic alcohol exposure to
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FIGURE 5

The expression of TBCB after EB3 was silenced or overexpressed in astrocytes. (A–D) Immunofluorescence showed that EB3 [(A–D) green

signal] was co-expressed with TBCB [(A–D) red signal] in astrocytes both in the control group [Con (A,C)] and EB3 silence group (B) or EB3

overexpression group (D). (E,H) The number of EB3 comets and mean gray value (MGV) of TBCB in astrocytes and its processes (MGV =

Integrated Density/Area) after EB3 was silenced or overexpressed. (F,I) Western blot and (G,J) RT-PCR analysis of protein and mRNA levels of

EB3 and TBCB after EB3 was silenced or overexpressed compared with the control group (n = 6, p < 0.05). (A–J) Number of panels. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.

astrocytes (Figures 8E–G). Compared with the control group,

the p-ERK1/2 protein level decreased after chronic alcohol

exposure (Figure 8E, p < 0.05), which was consistent with the

change of TBCB, while p-P38 and p-JNK showed no significant

change (Figure 8E, p > 0.05). It suggested that the MAPK-

ERK1/2 signaling pathway might interfere with the expression

of TBCB after chronic alcohol exposure. Therefore, to further

confirm the relationship between the ERK1/2 pathway and

TBCB, the phosphorylation levels of MAPK were detected after

silencing or overexpressing TBCB. Similar results were gathered:

p-ERK1/2 was changed synchronously with that of the TBCB

(Figures 8F,G, p < 0.05) but not of the p-P38 and p-JNK

(Figures 8F,G, p > 0.05). It indicated that the ERK1/2 signaling

pathway was involved in the regulation of the expression of

TBCB after chronic alcohol exposure.

Moreover, to confirm that the ERK1/2 signaling pathway was

one of the main signaling pathways regulating the expression of

TBCB, astrocytes were treated, respectively, with ERK1/2 agonist

Frontiers inCellularNeuroscience 12 frontiersin.org

https://doi.org/10.3389/fncel.2022.989945
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Zheng et al. 10.3389/fncel.2022.989945

FIGURE 6

The expression of EB1 and EB3 after EB1/3 was silenced or EB3 was overexpressed in astrocytes. (A–E) Immunofluorescence showed that EB1

[(A–E) red signal] was co-expressed with EB3 [(A–E) green signal] in astrocytes in the control group [Con (A,D)], EB1 silence group (B), and EB3

silence group (C) or overexpression group (E). (F,I,L) The number of comets of EB1 and EB3 in astrocytes after EB1/EB3 was silenced or EB3 was

overexpressed. (G,J,M) Western blot and (H,K,N) RT-PCR analysis of protein and mRNA levels of EB3 and EB1 after EB1/EB3 was silenced or EB3

was overexpressed compared with the control group (n = 6, p < 0.05). (A–N) Number of panels. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001.
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FIGURE 7

The expression of EB1/EB3 in astrocytes after TBCB was silenced or overexpressed. (A–H) Immunofluorescence showed that TBCB [(A–D)

green signal; (E–H) red signal] was co-expressed with EB1 [(A–D) red signal] or EB3 [(E–H) red signal] in astrocytes both in the control group

[Con (A,C,E,G)] and TBCB silence group (B,F) or TBCB overexpression group (D,H). (I,L) The mean gray value (MGV) of TBCB in astrocytes and its

processes (MGV = Integrated Density/Area) and the number of EB1/EB3 comets after EB1/EB3 was silenced or EB3 was overexpressed. (J,M)

Western blot and (K,N) RT-PCR analysis of the levels of EB1/EB3 protein and TBCB protein and its mRNA after TBCB was silenced or

overexpressed compared with the control group (n = 6, p < 0.05). (A–N) Number of panels. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 8

Changes in protein levels in MAPK signaling pathway after chronic alcohol exposure or TBCB interference, and distribution and protein levels of

TBCB and α-tubulin in astrocytes after interfering with ERK1/2 signaling pathway. (A–C) Immunofluorescence showed that TBCB (green signal)

was co-expressed with α-tubulin (red signal) in astrocytes both in the control group [Con (A)] and ERK1/2 agonist group [TPA (B)] or ERK1/2

inhibitor group [U0126, (C)]. (D) The number of astrocyte processes and mean gray value (MGV) of TBCB and MT in astrocytes and its processes

(MGV = Integrated Density/Area) after interfering with the ERK1/2 signaling pathway. (E–G) Western blot analysis of phosphorylation levels and

relative quantitative analysis of MAPK (ERK1/2, p38, JNK) signaling pathways in astrocytes under various interfering factors (n = 6, p < 0.05). (H)

Western blot analysis of the ratio of p-ERK1/2 to ERK1/2, and protein levels of TBCB and α-tubulin in astrocytes after TPA pretreatment or after

U0126 pretreatment (n = 6, p < 0.05). (A–H) Number of panels. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(TPA) and MEK1/2 inhibitor (U0126) (Figures 8A–C,H). The

expression of TBCB and α-tubulin upregulated (Figure 8H,

p < 0.05) with special abundant TBCB and densely messy

MT in newly formed processes (Figure 8B, arrows, Figure 8D)

after activating the ERK1/2 pathway. In contrast, they were

downregulated (Figure 8H, p < 0.05) with scarce TBCB and

irregular MT in decreased astrocyte processes (Figure 8C,

arrows, Figure 8D) after inhibiting the ERK1/2 pathway. These

results proved that activation or inhibition of the ERK1/2

signaling pathway could change the expression of TBCB and
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then affect the formation of astrocyte processes. To sum up, the

MAPK-ERK1/2 signaling pathway was one of the main signaling

pathways to regulate the expression of TBCB in astrocytes after

alcohol exposure.

Discussion

In this study, we confirmed that the decreased TBCB was

one of the critical factors for the formation and growth disorder

of astrocyte processes after chronic alcohol exposure; TBCB,

which could be regulated by ERR signaling pathway, regulated

the growth of MT plus-ends through binding with EB1 and

EB3, and thus regulated the formation and growth of astrocyte

processes. Besides these, our study also showed the following

interesting findings.

TBCB content in a certain range was
critical for the normal morphology of
astrocyte processes

Tubulin cofactor B was initially discovered as a protein

required for proper tubulin folding and heterodimer formation

(Lopez-Fanarraga et al., 2007; Baffet et al., 2012), transitory

tubulin storage (Tian et al., 1997), tubulin degradation processes

(Keller and Lauring, 2005; Kortazar et al., 2007), and the

synthesis, growth, and metabolism of MT (Carranza et al.,

2013; Tian and Cowan, 2013; Nithianantham et al., 2015;

Al-Bassam, 2017). Previous experiments found two forms of

the expression of TBCB: mainly distributed diffusely in the

cytoplasm (Feierbach et al., 1999; Radcliffe et al., 1999; Kortazar

et al., 2007; Lopez-Fanarraga et al., 2007) and partly overlaps

with MT (Vadlamudi et al., 2005; Baffet et al., 2012), which

were similar to our findings in astrocytes. TBCB was found

localized on newly polymerized microtubules (Vadlamudi et al.,

2005; Carranza et al., 2013) and might act on MT plus-ends in

oocytes (Baffet et al., 2012), microglia (Fanarraga et al., 2009a,b),

and neurons (Mitchison and Kirschner, 1984), thus affecting cell

polarity, dynamic changes, and neurite growth. Our study also

supplied similar data about astrocytes.

However, for the role of TBCB to MT plus-ends, maybe

due to species or cells diversity and different degrees of TBCB

interference or difference in technical approaches, there were

inconsistent results: decreased or lost TBCB resulted in the

decrease in α-tubulin (Radcliffe et al., 1999; Radcliffe and

Toda, 2000; Baffet et al., 2012) vs. enhancing MT density

(Lopez-Fanarraga et al., 2007; Fanarraga et al., 2009b); the

overexpression of TBCB led to MT loss (Radcliffe et al., 1999;

Wang et al., 2005; Kortazar et al., 2007; Fanarraga et al., 2009b;

Ganay et al., 2011; Baffet et al., 2012) vs. obvious enhancement

on the MT plus-ends growth in ours study; TBCB was not a

destabilizing agent of MTs (Cleveland et al., 2009; Ganay et al.,

2011). In this study, normally, TBCB was highly expressed in

the new processes of astrocytes and co-expressed with MT plus-

ends. In our study, silencing or overexpressing TBCB induced

the synchronous change inMT plus-ends (Figure 3), which both

led to the disorder of processes formation: the former impeded

the formation or growth of astrocyte processes and the latter

enhanced the formation or growth of astrocyte processes in

the abnormal shapes with expanding basal parts and obtuse

tips (Figure 2D; Supplementary Figure 2L, arrows), like the

enlargement of the neuron axon in Giant Axonal Neuropathy

(Ganay et al., 2011). Our data indicated that the balance of TBCB

within a certain range was critical for the normal morphology

and function of astrocytes; too low a concentration of TBCB

was not conducive to the formation and growth of astrocyte

processes, and too high a concentration would lead to expanding

at the process base, which may be achieved by participating in

the assembly and dissociation of MT plus-ends.

TBCB might a�ect the stability of MT
minus-ends and MT walls

In most mammalian cells, microtubules grow from the

microtubule-organizing center (MTOC) near the nucleus

(usually the centrosome), where their minus-ends may be stably

anchored (Schuyler and Pellman, 2001; Dammermann et al.,

2003; Louie et al., 2004; Galjart, 2010). TBCB was found to

localize at the centrosome of the base of the primary cilium

(Bloodgood, 2009; Carranza et al., 2013) and the centrosome of

Vero cells (Vadlamudi et al., 2005). When TBCB of astrocytes

decreased due to alcohol interference and siRNA silencing, the

perinuclear TBCB did not change significantly (Figures 1A–C,

2A–D), and there was still TBCB distributed along with the

MT (Figures 1A–C, 2A–D), indicating that perinuclear TBCB

and TBCB arranged along with MT might have an additional

function. MT shaft was composed of GDP-tubulin and was

intrinsically unstable (Akhmanova and Steinmetz, 2015). These

results indicated that TBCB might be related to the stability of

the MT wall and minus-ends, while the specific effect needs to

be further discussed.

EB1 and EB3 might bind to MT plus-ends
as a heterodimer in astrocytes

Our study showed that EB1 and EB3 were always changed

synchronously in astrocytes. Silencing one of them, led the both

to decrease with the typical comets losing or changing into small

dots (Figures 6B,C, arrows); overexpressing EB3 led them both

to upregulate with bigger, longer, and more comets (Figure 6E).

Although EBs could compete with each other (Komarova et al.,

2009) in astrocytes, there was undoubtedly not in this case.
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In addition, although our results showed that they were both

required for TBCB binding to MT plus-ends, they also did not

show the character of compensating each other for binding with

TBCB when one of them was decreased or lost. The findings

that EB1 and EB3 could form heterodimers, which have a

higher affinity for the growing of MT plus-ends than single

monomers in cells (Komarova et al., 2009), could explain our

results. Therefore, it can be concluded, based on our and the

previous data, that EB1 and EB3 may bind to MT plus-ends as a

heterodimer in astrocytes. This speculation also was confirmed

by the results that silencing or overexpressing any one of these

EBs always led to the synchronous change of TBCB (Figures 4,

5). It also hinted that TBCB connected withMT plus-ends might

be through the heterodimer of EB1 and EB3. However, further

experiments are still needed to verify it.

Accumulated TBCB, not EB3, was
involved in the formation of the huge
nascent processes in astrocyte

TBCB and EB3 were both increased obviously after the

overexpression of TBCB or EB3. However, the shape of nascent

astrocyte processes was different: maintaining the original

shape after the overexpression of EB3 (Figures 5D, 6E) vs.

changing into the expanded basal parts with the obtuse tips

after the overexpression of TBCB (Figures 7D,H). After EB3

overexpressing, EB1 was increased obviously (Figure 6D) for

forming the heterodimer with EB3, and all binding partners

connected to MT plus-ends through EBs, including TBCB,

were increased responsively and passively. These proteins

increased proportionally, finally inducing more processes with

the normal shape.

However, overexpressing TBCB led to the abnormal

nascent process—“huge process,” which has the expanded basal

part with an obtuse tip (Figure 2D; Supplementary Figure 2L,

arrows). Although EB1 and EB3 were increased responsively

(Figure 7), other partners required to build the processes could

not be regulated proportionally or could not compete with

accumulated TBCB for the binding site, led to abnormal growth

of MT plus-ends and finally caused the malformed nascent

processes in astrocyte. These results also proved the special

function of TBCB in regulating the formation and growth of

nascent astrocyte processes.

TBCB was involved in the formation of
EB3 comet

After TBCB silencing or overexpressing, the content and the

comets number of EB1 and EB3 were changed synchronously

(Figure 7), possibly because of the response to the change of

TBCB. But interestingly, the shape of their comets was changed

inconsistently. The EB1 comets still maintained their original

shape (Figures 7B,D); however, most EB3 comets changed into

smaller dots after TBCB silence (Figure 7F) or became more

prominent and stronger after TBCB overexpressing (Figure 7H).

These proved that TBCB might not involve in the comet

structure formation of EB1 but might participate in EB3s. In

other words, the formation of EB3 comets, a symbol of active

function in normal (Mourino-Perez et al., 2013), might depend,

at least partly, on the expression of TBCB. However, further and

systemic research is still needed to reveal it.

Conclusion

Some of the neurological symptoms of FAS might be

related to the formation disorder of astrocyte processes, and

the altered organization of astrocytes reported in the FAS could

be explained by the decrease in TBCB which could regulate

the growth of MT plus-ends through binding with EB1/EB3

and by MAPK-ERK1/2 signaling pathway. These observations

have relevance for understanding the mechanism underlying the

astrocyte alterations that occurred in the pathogenesis of fetal

alcohol syndrome.
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