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    Chapter 5   

 Detecting PTEN and PI3K Signaling in Brain                     

     Guo     Zhu     and     Suzanne     J.     Baker      

  Abstract 

   The central nervous system is comprised of multiple cell types including neurons, glia, and other support-
ing cells that may differ dramatically in levels of signaling pathway activation. Immunohistochemistry in 
conjunction with drug interference are powerful tools that allow evaluation of signaling pathways in dif-
ferent cell types of the mouse central nervous system in vivo. Here we provide detailed protocols for 
immunohistochemistry to evaluate three essential components in the PI3K pathway in mouse brain: Pten, 
p-Akt, and p-4ebp1, and for rapamycin treatment to modulate mTOR signaling in vivo.  
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1      Introduction 

 The phosphoinositide 3-kinase (PI3K) pathway is an essential sig-
naling cascade that regulates multiple processes in the central ner-
vous system including proliferation, survival, metabolism, and cell 
migration [ 1 ]. When extracellular growth signals are relayed to the 
PI3K pathway through receptor tyrosine kinases, AKT is fully acti-
vated by recruitment to the cell membrane by binding of its pleck-
strin homology domain (PH domain) to increased levels of PIP3 
and subsequent phosphorylation at amino acid residue threonine 
308 by PDK1 and serine 473 by mTORC2 complex [ 2 ,  3 ]. Among 
a variety of downstream targets, mTORC1 is a master regulator of 
cell growth and proliferation as well as many other cellular pro-
cesses [ 4 ]. mTORC1 promotes cell growth and proliferation 
through phosphorylation of two of its downstream effectors, the 
S6 kinases (S6Ks) and 4E-BPs which enhance ribosome assembly 
and mRNA translation. Upon activation by growth factors, 
mTORC1 limits the extent of upstream growth factor signaling by 
a negative feedback loop through IRS-1 phosphorylation by S6K1 
[ 5 ,  6 ]. PTEN is the major negative regulator of the PI3K pathway. 
Inactivation of PTEN results in unopposed and constitutive 
 activation of the PI3K-AKT-mTORC1 pathway in the presence of 
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upstream pathway activation. Increases in phosphorylation of AKT 
serine 473 and threonine 308, phospho-S6 serine 235/236 (sub-
strate of S6K), and phospho-4EBP1 threonine 37/46 are often 
used as the readouts of pathway activation. Pten loss in the mouse 
brain could result in diverse phenotypes such as neuronal hypertro-
phy and premature differentiation, astrocyte hypertrophy, or 
increased neural stem cell self-renewal and proliferation given dif-
ferent cellular and developmental contexts [ 7 – 14 ]. 

 Rapamycin is a small-molecule inhibitor of mTOR complexes. 
It inhibits mTORC1 activity in acute treatment while it also inhib-
its mTORC2 activity in long-term or high-dose treatment by 
interfering with its assembly [ 15 ,  16 ]. In many settings, inhibition 
of mTORC1 by rapamycin releases the negative feedback loop and 
results in enhanced PI3K signaling to AKT [ 17 ], although this is 
not always observed. 

 Here we provide detailed immunohistochemistry protocols for 
Pten, p-Akt, and p-4EBP1 in mouse brain and a protocol for 
rapamycin treatment of mice to manipulate PI3K signaling in vivo.  

2    Materials 

       1.    Anti-Pten antibody, rabbit monoclonal, Cell Signaling #9559.   
   2.    Anti-p-Akt (Ser473) antibody, rabbit polyclonal, Cell Signaling 

#9271.   
   3.    Anti-p-4EBP1 (T37/46) antibody, rabbit monoclonal, Cell 

Signaling #2855.   
   4.    Biotinylated anti-rabbit-IgG, included in Elite ABC reagent 

kit, Vector Lab PK-6101.   
   5.    Elite ABC reagent, Vector Lab PK-6101.   
   6.    NovaRED kit, Vector lab SK-4800 (DAB kit SK-4100).   
   7.    Hematoxylin QS, Vector Lab H-3404.   
   8.    Permount, Fisher SP15-100.   
   9.    Tyramide Signal Amplifi cation (TSA) Kit, Perkin Elmer 

NEL746A.   
   10.    Antigen-retrieval solution: 18 ml of 0.1 M citric acid, 82 ml of 

0.1 M sodium citrate, 850 ml of H 2 O. Adjust to pH 6.0 by addi-
tion of 1 N NaOH, and then add H 2 O for fi nal volume of 1 l.   

   11.    10× TBS buffer (10× Tris-buffered saline): 60.6 g Tris, 87.6 g 
NaCl in 800 ml ultrapure water. Adjust pH to 7.5 with 1 M 
HCl, and add ultrapure water to fi nal volume of 1 l.   

   12.    TBS-T (1× TBS + 0.01 % Tween-20).   
   13.    0.6 % H 2 O 2  in TBS (freshly made): 1 ml of 30 % H 2 O 2  in 49 ml 

of TBS.   

2.1  Immunohisto
chemistry for Pten, 
p-Akt, and p-4EBP1 
in FFPE Tissue
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   14.    Blocking solution: 10 % goat serum in TBS-T, with 0.01 % 
thimerosal, store at 4 °C.   

   15.    Blocking solution: 2 % goat serum in TBS-T, with 0.01 % thi-
merosal, store at 4 °C.   

   16.    Plastic Coplin jars, at least four for antigen retrieval.   
   17.    Microwave oven with rotating tray.   
   18.    Wax pen.   
   19.    Belly dancer rocking platform.   
   20.    Cover slips.      

       1.    Rapamycin (LC Laboratories).   
   2.    Sterile dimethyl sulfoxide (DMSO).   
   3.    Tween80.   
   4.    1 ml Syringe (BD).       

3    Methods 

   For cryosections, mice were anesthetized and perfused transcardi-
ally with PBS followed by 4 % paraformaldehyde (PFA) in 
PBS. Following dissection, tissues were post-fi xed overnight in 4 % 
PFA in PBS at 4 °C, and then equilibrated in 25 % sucrose in PBS 
for an additional 24 h at 4 °C. Tissues were embedded in embed-
ding media OCT (Triangle Biomedical Sciences) on dry ice and 
cut into 12 μm thick cryosections. Tissue slides were equilibrated 
at room temperature for 20 min and then washed three times in 
PBS prior to staining. 

 For paraffi n sections, tissue was processed the same way as 
above except after dissection, tissue was post-fi xed for 24 h in 4 % 
PFA in PBS at 4 °C, then processed and embedded in paraffi n, and 
cut into 5 μm sections. 

 For optimal IHC, tissue should not be left in fi xing solution 
for more than 4 days before being processed for paraffi n- embedding 
or equilibrated in 25 % sucrose in PBS for cryoprotection followed 
by embedding in OCT for cryosections. 

   Transfer slides through the following series of solutions ( see   Notes 
1  and  2 ):

    1.    Xylenes 5–10 min.   
   2.    Xylenes 3 min × 2.   
   3.    100 % EtOH, 2 min × 2.   
   4.    95 % EtOH, 2 min.   
   5.    70 % EtOH, 1 min.   

2.2  Rapamycin 
Treatment

3.1  Immunohisto
chemistry for Pten, 
p-Akt, and p-4EBP1 
in FFPE Tissue

3.1.1  Deparaffi nization 
(Only for Paraffi n Sections)

PTEN and PI3K Signaling in Brain
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   6.    50 % EtOH, 1 min.   
   7.    20 % EtOH, 1 min.   
   8.    H 2 O, 2 min × 2.    

     Saturation: Place sections in plastic Coplin jar(s) fi lled with the 
antigen-retrieval solution completely to the top as below:

    1.    For deparaffi nized sections: antigen-retrieval solution 10 min.   
   2.    Microwave. Prepare a total of four plastic Coplin jars either with 

or without slides (jars without slides can be fi lled with H 2 O).   
   3.    Seal the jar(s) as tightly as possible and position them at the 

center of a microwave oven with rotating tray.   
   4.    After each microwave interval, refi ll Coplin jars if any solution 

has leaked out.   
   5.    2.5 min at power 100 %.   
   6.    2.5 min at power 50 %.   
   7.    2.5 min at power 50 %.   
   8.    2.5 min at power 50 %.   
   9.    Open the lid and cool the solution to room temperature (at 

least 30 min;  see   Note 3 ).      

       1.    Wash sections with TBS in Coplin jars (up to 13 slides/jar) on 
belly dancer, 10 min.   

   2.    Treat sections with freshly made 1 % H 2 O 2  (in TBS) for 30 min 
at room temperature.   

   3.    Wash with TBS, 5 min × 2, and with TBS-T, 5 min × 1, in 
Coplin jars on belly dancer.   

   4.    After the second wash draw a boundary with a wax pen around 
the area of the slide to be stained ( see   Note 4 ).      

       1.    Block nonspecifi c binding sites with 10 % goat serum (in TBS- 
T) for 30 min to 1 h, usually 300–500 μl for each slide in a 
humidifi ed chamber at room temperature.   

   2.    Dilute primary antibody in 2 % goat serum (in TBS-T) 
(~300 μl/full slide) in a humidifi ed chamber at room tempera-
ture. A. anti-Pten: 1:100 dilution. B. anti-p-Akt antibody 1:50 
dilution. C. anti-p-4EBP1 1:500 dilution.   

   3.    Remove the blocking solution and incubate the sections with the 
primary antibody in a humidifi ed chamber overnight at 4 °C.      

       1.    Wash the sections with TBS-T in Coplin jars on belly dancer, 
5 min × 3 ( see   Note 5 ). Incubate the sections with biotinylated 
anti-rabbit IgG antibody diluted to 1:200 in 2 % goat serum 
(in TBS-T) for 1 h in a humidifi ed chamber at room 
temperature.   

3.1.2  Antigen Retrieval

3.1.3  Blocking 
Endogenous Peroxidase

3.1.4  Blocking 
and Primary Antibody

3.1.5  Secondary 
Antibody and Signal 
Amplifi cation
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   2.    Prepare Elite ABC solution at least 30 min before use: To 
2.5 ml of TBS-T, add two drops of solution A. Mix by vortex-
ing and add two drops of solution B.   

   3.    Mix by vortexing and leave the solution at room temperature.   
   4.    Wash the sections with TBS-T, 5 min × 2, and 10 min × 1, in a 

humidifi ed chamber at room temperature.   
   5.    Optional tyramide amplifi cation of p-Akt signal: (1) Wash the 

sections with TBS-T, 5 min × 3. (2) Add the biotinylated- 
tyramide (1:175 dilution in TBS-T) and incubate for 10 min at 
room temperature (300–500 μl/slide). (3) Wash the sections 
with TBS-T, 5 min × 3 ( see   Note 6 ).   

   6.    Add the ABC solution and incubate for 1 h in a humidifi ed 
chamber at room temperature (300–500 μl/slide), or for 
30 min if tyramide amplifi cation was used ( see   Notes 7  and  8 ).      

   IHC signals are visualized by incubating with NovaRED or diami-
nobenzidine (DAB), HRP substrates that produce a red or dark 
brown reaction product, respectively. NovaRED is generally more 
sensitive than DAB. The optimal substrate depends on the level of 
signal associated with the phenotype.

    1.    Wash with TBS-T, 5 min × 2, and 10 min × 1.   
   2.    During the last wash prepare NovaRED solution (or DAB 

solution). To 5 ml of water, add three drops of reagent 1 and 
mix well by vortexing. Add two drops of reagent 2 and mix by 
vortexing. Add two drops of reagent 3 and mix by vortexing. 
Add two drops of H 2 O 2  reagent and mix by vortexing.   

   3.    Apply the solution onto washed sections. Incubate until signals 
become distinguishable between sample and control. Pten usu-
ally takes approximately 7–10 min. p-Akt takes approximately 
10–15 min without tyramide amplifi cation and 4 min with tyra-
mide amplifi cation. p-4EBP1 takes approximately 10 min.   

   4.    Optimal incubation time will vary with tissue preparation. 
Also, if detecting pathological activation of the pathway, the 
optimal detection time will depend on the level of pathway 
activation. Observe under the microscope to select the optimal 
time to stop the development reaction. Representative immu-
nohistochemistry images are shown in Fig.  1 .

       5.    Discard the solution into a beaker and stop the development 
by washing sections with water 5 min × 2 ( see   Note 9 ).      

       1.    Incubate the sections in hematoxylin QS solution for 15 s.   
   2.    Rinse the sections in a Coplin jar with running tap water until 

the rinse is colorless (5–10 min).   
   3.    Dip the slides in water ten times.      

3.1.6  Color Development

3.1.7  Counter Staining 
with Hematoxylin

PTEN and PI3K Signaling in Brain



  Fig. 1    Representative immunohistochemistry for Pten, p-Akt, p-S6, and p-4EBP1 from Pten cKO mice. ( a – f ): 
 Nestin-creER ;  Pten   fl ox/fl ox   with cre activity induced by tamoxifen administration at postnatal days 0 and 1, 
with tissue collected at day 30. ( a – c ):  Pten   wt   mouse; ( d – f ):  Pten   ko  . ( g – h ):  Nestin-creER ;  Pten   fl ox/fl ox  ; 
 Tp53   fl ox/fl ox   mouse medulloblastoma. ( i ):  GFAP-creER ;  Pten   fl ox/fl ox  ;  Tp53   fl ox/fl ox   mouse astrocytoma. ( a  and 
 d ): Pten IHC: mouse dentate gyrus, Pten wild-type cells are red while Pten-null cells in the inner layer of the 
dentate gyrus stain only with hematoxylin counter stain. ( b  and  e ): p-Akt IHC,: Pten-null dentate gyrus neurons 
are strongly positive ( red ) for p-Akt. ( c  and  f ): p-S6 IHC: Pten-null dentate gyrus cells are more strongly positive 
( red ) for p-S6 than the baseline p-S6 level in wild-type mice. ( g ) Pten IHC, mouse medulloblastoma: Pten-null 
tumor cells stain only with hematoxylin counter stain while wild-type blood vessel endothelial cells are brown. 
( h ) p-Akt IHC, mouse medulloblastoma, and Pten-null tumor cells are strongly positive ( red ) while the adjacent 
normal brain is negative for p-Akt. ( i ) p-4ebp1 IHC, GFAP-creER; Pten; Tp53 double-knockout mouse astrocy-
toma are strongly positive for p-4ebp1. Scale bar = 50 μm. Substrate: Nova red, counter stain, hematoxylin       
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       1.    Dehydration: 20 % EtOH 1 min, 50 % 1 min, 70 % 1 min, 95 % 
2 min, 100 % 2 min × 2, xylenes 5 min × 3.   

   2.    Coverslip with Permount in the fume hood.   
   3.    Leave mounted slides in the hood at least overnight to dry.       

   The inhibitory effects of rapamycin on mTOR complexes are dose 
and time dependent [ 15 ,  16 ]. Low-dose and short-term rapamycin 
treatment selectively inhibits mTorc1 activity, while high-dose and 
long-term treatment inhibits both mTorc1 and mTorc2 activity. 
We use loss of p-S6 as a downstream indication of rapamycin effects 
on mTorc1 and use p-Akt pSer473 as an indication of rapamycin 
effects on mTorc2. Increased phosphorylation of pS6 is more 
strongly associated with hypertrophic effects of mTorc1, while 
hyperproliferation is more strongly associated with p-4ebp1. In 
our Pten conditional knockout models of hypertrophy versus brain 
tumor proliferation, rapamycin appears to have much greater effi -
cacy in blocking downstream S6 phosphorylation, but not p-4ebp1. 
Given the fact that rapamycin inhibition of mTorc1 signaling in 
brain increases with time, we typically dose a minimum of 5 days to 
see maximal pathway inhibition [ 18 ]. Tissue is collected 2 h after 
the last dose is administered. 

       1.    Dissolve rapamycin powder in sterile DMSO at 20 mg/ml, 
stored at −20 °C as stock solution.   

   2.    Prepare 5.2 % Tween80 in MilliQ (make sure Tween80 is com-
pletely dissolved).   

   3.    Rapamycin working solution is prepared by diluting stock 
solution in 5.2 % Tween80 to 10–20 μg/ml immediately 
before use.   

   4.    Vehicle control is prepared by dissolving the same volume of 
DMSO in 5.2 % Tween80 immediately before use ( see   Note 10 ).      

       1.    To selectively inhibit mTorc1 in the subventricular zone and 
rostral migratory stream in mice from postnatal day 8 (P8) to 
P31, low-dose rapamycin (1.5 μg rapamycin/g body weight) is 
injected i.p. daily in Pten cKO or wild-type control mice from 
postnatal day 8 to 31.   

   2.    At higher doses of rapamycin (7.5 μg rapamycin/g body 
weight) from P8-P31, both mTorc1 and mTorc2 are inhibited. 
Representative IHC to show pathway inhibition following 
rapamycin treatment is shown in Fig.  2 . Rapamycin toxicity var-
ies with age. Young mice cannot tolerate the higher doses used 
in adults, even when adjusted for body weight. 7.5 μg/g is the 
highest dose that FVB mice from P8–P31 could tolerate.

       3.    The dose of rapamycin required to block mTorc1 signaling var-
ies between different brain regions. In adult mice, 25 μg 

3.1.8  Dehydration 
and Mounting

3.2  Rapamycin 
Treatment

3.2.1  Reagent 
Preparation

3.2.2  Injection 
of Rapamycin

PTEN and PI3K Signaling in Brain
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  Fig. 2    Monitoring rapamycin inhibition of mTorc1 and mTorc2 activity by IHC. Representative Pten ( a ), p-Akt 
( b ), and p-S6 ( c ) IHC images in the subventricular zone (SVZ) of vehicle- or rapamycin-treated  Nestin-
creER ;  Pten   fl ox/fl ox   mice induced to delete Pten by tamoxifen administration at P0, P1 [ 7 ]. Pten conditional 
loss in the SVZ causes an expanded SVZ with elevated levels of pAkt and pS6. High-dose rapamycin (7.5 μg/g) 
inhibits both p-Akt (S473) and p-S6 while low-dose (1.5 μg/g) inhibits p-S6 only. Both doses rescue the 
expanded size of the SVZ in Pten cKO mice.FF       
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rapamycin/g body weight was suffi cient to block mTorc1 sig-
naling in the dentate gyrus of Pten conditional knockout mice. 
Increasing the dose to 50 μg rapamycin/g body weight was nec-
essary to block the downstream signaling in cerebellum [ 18 ].        

4    Notes 

     1.    Prepare all solutions using ultrapure water (MilliQ, prepared 
by purifying deionized water to attain a sensitivity of 18 MΩ at 
25 °C) and analytical grade reagents.   

   2.    Work with xylene in a fume hood.   
   3.    Labeling of microwave power output is not accurate, and does 

not necessarily translate from one microwave to the next, even 
if they are labeled as equivalent power output. The correct 
power output should be empirically determined by placing 
fi lled Coplin jars and monitoring time to boiling. The key 
point in this antigen retrieval is to boil the sections for at least 
the last 7.5 min with minimal air exposure. Therefore new 
conditions (power levels) may need to be set up for each 
microwave oven.   

   4.    The area inside the wax boundary can be adjusted based on the 
size of sections as long as the entire section is completely con-
tained inside the boundary. The amount of primary and sec-
ondary antibody incubation solutions can be reduced 
accordingly based on the area encircled inside the boundary.   

   5.    To minimize cross-contamination among antibodies, keep 
slides with different primary antibodies in separate jars.   

   6.    The p-Akt signal can be signifi cantly enhanced with tyramide 
amplifi cation without increasing background. This step is 
optional depending on the intensity of the p-Akt stain 
 associated with the phenotype under study.   

   7.    Elite ABC is a kit developed by Vector Laboratory, which uti-
lizes the biotin-avidin complex to substantially amplify immu-
nohistochemistry signals and increase detection sensitivity. 
Solution A contains avidin which complexes with biotinylated 
horseradish peroxidase (HRP) in Solution B. This complex 
binds with extremely high affi nity to the biotinylated second-
ary antibody. HRP will react with substrate for colorimetric 
detection.   

   8.    Secondary Ab incubation and Elite ABC incubation time can 
be extended to total 2–3 h. In this case, wash 5 more minutes 
for each 30-min incubation extension.   

   9.    NovaRed and DAB (a known mutagen) are hazardous materi-
als that are harmful if inhaled, ingested, or through direct con-

PTEN and PI3K Signaling in Brain



62

tact with skin. Handle according to the materials safety data 
sheet, and collect and dispose as hazardous waste.   

   10.    Adjust rapamycin working solution concentration to make 
fi nal injection volume around 0.5–1 ml/mouse.         
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