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Glioblastoma is the most common and aggressive primary 
central nervous system malignant tumor in humans.32 Despite 
advances in the standard of care, glioblastoma prognosis remains 
dismal, with a 2-y survival rate of 15.2% for tumors diagnosed 
between 2008 and 2012 in the United States.32 Better treatments 
are urgently needed, and demand research models that accurately 
represent the heterogeneous genomic characteristics of these tu-
mors. In past decades, glioblastoma cells have been cultured in 
traditional medium containing 10% FBS. However, glioblastomas 
have recently been found to contain cells with a stem-cell pheno-
type,14 and these tumors can be cultured in serum-free medium 
originally formulated for the selection and expansion of neural 
stem cells.36 This culture condition selects for cells with stem-cell 
properties, which grow as floating multicellular spheroids, com-
monly referred to as neurospheres,8 mimicking the behavior of 
adult mammalian neural stem cells.36 Glioblastoma cancer stem 
cell (CSC) cultures present long-term self-renewing potential, 
are tumorigenic, present multilineage differentiation potential, 

and preserve the genotype of the original tumor. In contrast, the 
cells cultured in 10% FBS are usually not tumorigenic at low pas-
sages and diverge considerably from the original tumors at late 
passages,24 thus limiting their use as clinically relevant models. 
Patient-derived CSC cultures are amenable to functional genom-
ics and high-throughput drug screening but do not represent 
some of the hallmarks of glioblastoma, such as angiogenesis, tis-
sue invasion, and tumor heterogeneity, which are dependent on 
the natural brain microenvironment. The preclinical develop-
ment of cancer therapeutics depends on appropriately designed 
studies using models that recapitulate the molecular diversity 
and intratumoral heterogeneity of patient tumors.12 Although 
response to drugs can be assessed easily in subcutaneous tumor 
xenografts, important aspects of the disease, such as metastasis 
in carcinomas and invasion in glioblastomas, are absent.13 The 
fact that glioblastomas very rarely grow outside of the brain in 
humans further underlines the importance of the brain micro-
environment in studying key aspects of the disease. Because 
glioblastoma pathology is better reproduced in the mouse brain 
than in an ectopic environment, CSC are commonly implanted 
into immunocompromised mouse brains, for the development 
of glioblastoma patient-derived orthotopic mouse xenografts  
(PDOX).8,11,14,22,24,45
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For increased translational value of drug studies, glioblasto-
ma PDOX from each patient must develop reproducible tumors 
that recapitulate the features of the original biopsy. Histologi-
cally, glioblastoma is characterized by areas of necrotic tissue, 
hyperplastic blood vessels, and a high degree of microvascular 
proliferation. The anatomic distribution for malignant gliomas 
is predominantly in the frontal, temporal, and parietal lobes of 
the cerebral cortex, with only 1% to 2% of tumors present in the 
ventricles.23,32 In a study involving a large number of patients with 
newly diagnosed glioblastoma, multifocal tumors were present 
in only 12% of subjects and were associated with a worse prog-
nosis.34 Another study classifying glioblastomas according to the 
anatomic location as determined by MRI identified 4 groups ac-
cording to subventricular zone (SVZ) and cortex involvement. 
The SVZ-associated tumors were more likely to present multifo-
cal tumors, rapid progression, and decreased survival.17,26

Here we assessed the extent to which the location of intracra-
nial implantation of glioblastoma CSC into mice affects tumor 
growth rate and pattern, morphology, and histologic characteris-
tics. Dye distribution into brain structures was evaluated imme-
diately after injection of toluidine blue at 4 different intracranial 
coordinates in nude mice. Next, patient-derived glioblastoma 
CSC with diverse molecular profiles were implanted by using 
the same coordinates to assess tumor growth pattern, properties, 
and symptoms.

In preclinical studies, candidate anticancer drugs are common-
ly administered to glioblastoma mouse PDOX by oral gavage, re-
quiring brief but firm restraint of alert mice to prevent soft tissue 
damage, tracheal administration, or aspiration during the pro-
cedure and to ensure accurate dosing. Gavage procedures have 
been shown to elicit increased glucocorticoid production, as well 
as elevated heart rate and blood pressure for 30 to 60 min,1 indi-
cating a systemic stress response resulting from activation of the 
hypothalamic–pituitary–adrenal (HPA) axis.46 Among other func-
tions, the HPA axis facilitates interaction between the immune 
and endocrine systems in response to stressors.7,30 Chronic stress 
resulting from daily gavage may overstimulate the HPA axis 
which, in humans, is linked to increased inflammation, angiogen-
esis, and suppression of the immune response to malignancy.29 
Because stress potentially can lead to undesirable variability in 
preclinical experiments, we have investigated the potential ef-
fect of repeated restraint and oral gavage on tumor growth in 
the glioblastoma mouse PDOX model. Here we compared the 
response in nude mice to repeated oral gastric gavage with that of 
repeated exposure to predator odor, a known stimulus producing 
an anxiety-like state in naïve rodents.20 Minimally handled mice 
served as a negative control for stress. The effects of stress were 
assessed by measuring changes in body weight, survival, fecal 
corticosterone levels, and adrenal gland weights.

Our results underscore the importance of optimizing the im-
plantation location for xenograft glioblastoma mouse PDOX 
models to ensure consistency in tumor growth in appropriate 
anatomic locations, survival, and histologic characteristics rep-
resentative of human glioblastoma. The optimization of glioblas-
toma PDOX models has a direct effect on the translational value 
of preclinical drug studies.

Materials and Methods
Experimental animals. Nude mice, which lack T lymphocytes 

but produce natural-killer cells and B cells, have been used as 

hosts for human xenografts for decades.37,40 Female nude mice are 
commonly used in preclinical studies involving brain tumor xe-
nografts, due to their lower aggressiveness relative to that of male 
nude mice. Less aggressive behavior is preferred in group-housed 
mice because it reduces the risk of injuries when randomizing or 
pooling mice; such injuries might represent a confounding fac-
tor in the studies. In humans, glioblastoma affects both men and 
women, and the incidence rate is 1.58 higher in men.32 A total 
of 360 female NCRNU-M athymic nude mice (Taconic Farms, 
Hudson, NY), which were 7 wk old and weighed 17 to 19 g on 
arrival at our facility, were used in this study (Table 1). Mice were 
socially housed 5 per cage with enrichment provided on an in-
dividually ventilated rack (Alternative Design, Siloam Springs, 
AR) at the laboratory animal facility of Henry Ford Hospital. Mice 
were free of all murine pathogens (HM Assessment Plus, Charles 
River, Wilmington, MA). Environmental enrichment consisted 
of Shepherd Shacks (Shepherd Specialty Papers, Richmond, MI), 
Bed-r’Nest (The Andersons Lab Bedding, Maumee, OH), and 
Aspen Chew Sticks (Lomir Biomedical, Malone, NY). The room 
was kept on a 12:12-h light:dark cycle, at 22 ± 2 °C, and at 65% 
± 2% relative humidity. Mice were provided water and Harlan 
Teklad (Indianapolis, IN) Laboratory Diets 7012, LM-485 Steriliz-
able Mouse/Rat Diet without restriction. Cages, bedding, water, 
water bottles, and all supplies and enrichment devices were ster-
ilized and changed weekly. All personnel having contact with 
the mice were required to wear a cap, mask, shoe covers, and a 
sterile gown. Disposable nitrile gloves were sprayed with Clorox 
Bleach Germicidal Cleaner (Clorox Healthcare, Oakland, CA) im-
mediately prior to contact with mice with excess removed using 
a sterile towel. Mice were handled in a BSL1 hood that had been 
cleaned with Clorox Bleach Germicidal Cleaner immediately 
prior to use. Mice were allowed a 3-d acclimation period before 
being ear-tagged by using sterilized stainless steel ear tags (Na-
tional Band and Tag, Newport, KY) with unique 4-digit numbers; 
after ear-tagging, mice were allowed a 1-wk acclimation period 
before experiments began. All experiments were conducted in an 
AAALAC-accredited facility in accordance with the National Re-
search Council’s Guide for the Care and Use of Laboratory Animals16 
and the Public Health Service Policy on Humane Care and Use 
of Laboratory Animals.31 All experiments were conducted under 
approved Henry Ford Hospital IACUC protocols.

Intracranial dye injection and glioblastoma cell implantation 
for mouse orthotopic xenografts. Toluidine blue dye or dissoci-
ated glioblastoma CSC were implanted by using the free-hand 
method33 at subcortical sites: location 1 (L1), location 2 (L2), loca-
tion 3 (L3), or location 4 (L4; Figure 1 A). All surgical procedures 
were conducted in a BSL 1 hood within the animal housing room. 
All mice were anesthetized with ketamine (150 mg/kg) and xyla-
zine (20 mg/kg) by intraperitoneal injection in groups of 10 and 
returned to a holding cage briefly before being placed on a warm 
circulating water blanket in sternal recumbency. Artificial Tears 
(AKORN Animal Health, Lake Forest, IL) was applied to both 
eyes. The surgical area was scrubbed 3 times, alternating between 
povidone–iodine and 70% isopropyl alcohol. Surgical anesthesia 
was confirmed by the loss of pedal reflex. A 5- to 7-mm sagittal in-
cision was made through the scalp to the right of the midline, and 
the periosteum was retracted by gently scrubbing with a sterile 
cotton swab soaked in 3% hydrogen peroxide. A small ruler, pre-
drilled to accommodate the 4 implantation locations selected for 
this study, was aligned with bregma, and a small opening in the 
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skull was manually drilled by using a 25-gauge needle. To serve 
as a depth guide for the injection needle, a sterile 10-µL pipette 
tip (Rainin, Oakland, CA), trimmed to the appropriate length 
for each location, was fitted as a sleeve over a 10-μL Hamilton 
syringe. The needle was gently inserted into the skull opening 
and retracted approximately 0.5 mm to accommodate the injec-
tion volume. Toluidine blue dye solution (5 µL) or glioblastoma 
cell suspension (3 × 105 cells in 5µL PBS) was injected slowly over 
1 min. Before being gently withdrawn, the syringe was held in 
place for an additional 30 s to prevent efflux of injected material. 
Bone wax (Ethicon, Somerville, NJ) was applied to close the skull 
opening by using a sterile cotton swab, and then the skin was 
closed with 2 or 3 surgical staples and swabbed with povidone–
iodine. Mice were placed in lateral recumbency for recovery in 
the home cage, with half of the cage placed on a surgical heating 
pad.

Subjects were monitored for anesthetic recovery and postsurgi-
cal pain every 10 min during anesthetic recovery until regaining 
the ability to maintain an upright posture and walk normally, 
every 30 min for the following 4 h, and daily thereafter. Diet Gel 
Recovery (Clear H2O, Westbrook, ME) was provided to each cage 
immediately after surgery and on days 1 through 3 postsurgically 
to encourage food and water consumption during initial recovery. 
No postsurgical changes in behavior or attitude, such as social 
isolation and reduced activity level, were observed. Mice moved 
freely with a normal posture, did not appear anxious or aggres-
sive, and continued to eat and drink normally as evidenced by 
body weight measurements and appropriate hydration. There 
was no evidence of mice excessively grooming or scratching 
the incision site or vocalizing. Warmed lactated Ringer solution  
(2 mL) was administered subcutaneously as needed to main-
tain hydration during recovery. Mice were weighed 3 times each 
week—on Monday, Wednesday, and Friday—and were moni-
tored daily for wellbeing assessment, which included hydration 
status, and signs of pain or distress. In addition, mice were moni-
tored Monday through Friday for signs of tumor growth, includ-
ing cranial protuberance and neurologic deficits manifested as 
seizures and abnormal gait or posture. Mice were euthanized by 
isoflurane overdose prior to decapitation at the completion of 
the study or at the first signs of neurologic deficit or weight loss 
greater than 20%.

Dye preparation. Toluidine blue dye (catalog no. 89640, Sigma, 
St Louis, MO) was dissolved at 0.5 g in 20 mL of 95% ethanol 
before the addition of 80 mL of distilled water to yield a 0.5% 
w/v solution. The solution was mixed, filtered through a 0.45-µm 

syringe filter, and stored at 4 °C protected from light. Dye was fil-
tered a second time through a 0.45-µm syringe filter immediately 
prior to use.

Glioblastoma cell culture. Resected brain tumors were collected 
at Henry Ford Hospital (Detroit, MI) with written consent from 
patients in accordance with institutional guidelines and an ap-
proved Institutional Review Board protocol. Tumors were grad-
ed pathologically according to the WHO criteria.27 Glioblastoma 
specimens were dissociated and cultured in serum-free neuro-
sphere medium to enrich CSC.5,11 Five glioblastoma CSC lines 
that grew as neurospheres and that differed in their molecular 
characteristics were used in this study (GBM1 through GBM5 
[Table 2]). For implantation, neurospheres were dissociated to 
single cells in Dulbecco PBS. In addition, the traditional human 
glioblastoma cell line U251 (American Type Culture Collection, 
Manassas, VA) was cultured in media supplemented with 10% 
FBS and enzymatically dissociated prior to implantation.

Tissue harvesting, histology, immunohistochemistry. A to-
tal of 24 mice (Table 1) were injected with toluidine blue 
dye; they were euthanized 20 min after injection by iso-
flurane overdose, followed by decapitation. Whole brains 
were quickly removed and 4 coronal sections (thickness,  
2 mm) were obtained using a mouse precision brain slicer matrix 
(Braintree Scientific, Braintree, MA). Dye dissemination in the 
unprocessed 2-mm sections was analyzed immediately (Eclipse 
E800 fitted with a 1× lens, Nikon, Tokyo, Japan).

In addition, 256 mice were implanted with glioblastoma CSC 
(Table 1) and were euthanized by isoflurane overdose at the 
completion of the study or at the first signs of neurologic defi-
cit or weight loss greater than 20%. Whole brains were quickly 
removed, cut into 2-mm coronal blocks as described earlier, and 
immediately fixed in formalin with subsequent paraffin embed-
ding. Prepared tissue sections 5 μm thick were stained with he-
matoxylin and eosin to enable visualization of brain structures. 
Additional GBM3 sections were stained using the Gordon and 
Sweet stain for reticulin fibers.

For immunohistochemistry, tissue slides underwent 15 min 
incubation in citric acid buffer pH 6.0 for antigen retrieval, fol-
lowed by incubation in Rodent Block M (Biocare Medical) for 
20 min. The following primary antibodies and dilutions were 
used: human marker major histocompatibility complex I (MHCI; 
ab52922, Abcam, Cambridge, UK), 1:1000 for 60 min; endothe-
lial cell marker CD31 (ab28364, Abcam), 1:75 for 60 min; hypoxia 
marker hypoxia-inducible factor 1α (Hif1α; ab51608, Abcam) 
1:250 for 60 min; and astrocytic marker glial fibrillary acidic pro-
tein (GFAP; ab33922, Abcam), 1:1200 for 60 min. After primary 
antibody incubation, slides were incubated for 30 min in Rabbit 
on Rodent Polymer (Biocare Medical) and for 4 min in Betazoid 
DAB (Biocare Medical). Images were captured by using a Nikon 
E800M microscope and DXM1200C digital camera with Image 
Pro Plus software (Media Cybernetics, Rockville, MD). Stained 
sections were examined for tumor location and subjectively rated 
for hallmark glioblastoma histopathology, including blood vessel 
abnormalities, hypoxia, astrocytic marker staining, necrosis, and 
thrombosis.

Bioluminescence imaging. A subset of 44 mice implanted with 
glioblastoma CSC were implanted with cells constitutively ex-
pressing firefly luciferase, GBM3fluc and U251fluc, at L1 and L4 (Ta-
ble 1). Subjects were monitored for tumor progression weekly by 
using noninvasive bioluminescence imaging (BLI; Xenogen IVIS 

Table 1. Number of mice in each group for the implantation location 
study

Implantation location

1 2 3 4

Toluidine blue dye 8 4 8 4
GBM1 cells 27 9 9 16
GBM2 cells 7 NA 7 16
GBM3 cells 29 NA 13 43
GBM4 cells 16 NA NA 20
U251fluc cells 10 NA NA 8
GBM3fluc cells 14 NA NA 12

NA, not applicable
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Figure 1. Toluidine blue dye distribution at 4 intracranial implantation locations in nude mice. (A) The 4 locations (L1–L4) for intracranial dye injection 
are defined by mediolateral (ML), anteroposterior (AP), and dorsoventral (DV) coordinates, relative to bregma. The total number of mice injected and 
a summary of the dye distribution in the ventricles are shown. (B) The position of the injection sites from a dorsal view of the mouse brain. (C) Posi-
tions of L1 and L2 in a coronal brain view. (D) Positions of L3 and L4 in a coronal mouse brain view more anterior to that for panel C. E) Representative 
images of 2-mm coronal mouse brain blocks a (anterior) through d (posterior), showing the extent of dissemination of toluidine blue dye at 20 min 
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System, Caliper Life Science, Waltham, MA). Beginning 1 wk af-
ter tumor cell implantation, mice were transported in their home 
cages to the testing room once weekly. The anesthetic induction 
chamber and imaging chamber were disinfected with Clorox 
Bleach Germicidal Cleaner and 70% ethyl alcohol, respectively, 
before use and between groups. Groups of 5 mice were injected 
with luciferase substrate D-luciferin (150 mg/kg IP) and placed 
into an isoflurane induction chamber containing 3% isoflurane 
and 1.5 L/min O2. Once anesthesia level was confirmed by the 
loss of pedal reflex, mice were placed into the isoflurane mani-
fold in sternal recumbency within the imaging chamber with 3% 
isoflurane and 0.3 L/min O2. Body temperature was maintained 
during the procedure by using the incorporated warming pad be-
low the anesthetic manifold. BLI began 12 min after substrate in-
jection and continued until peak bioluminescence was recorded, 
approximately an additional 15 min. Mice were returned to the 
home cage and monitored for anesthetic recovery. Mice were up-
right and walking normally within 2 to 3 min and were returned 
to the housing room.

Stress evaluation and assessment. Female NCRNU-M athymic 
nude mice (n = 85; age, 8 wk; weight, 17 to 19 g; Taconic Farms, 
Hudson, NY) were implanted with CSC derived from 2 patients, 
GBM3 and GBM5, and randomly assigned to 1 of 3 treatment 
groups (13 to 15 mice per group): mock gavage (MG), predator 
odor (PO), or minimally handled (MH). PDOX was used here 
instead of naïve nude mice because tumor burden itself serves as 
a stressor. The MG group received daily oral gavage with 0.2 mL 
Ora-Plus (Paddock Laboratories, Minneapolis, MN), a common-
ly used, orally administered drug vehicle. The PO group, serv-
ing as a positive control for stress, was exposed to a cotton ball 
soaked with 1 mL fox urine (Wildlife Research Center, Ramsey, 
MN) placed in a ventilated 2-oz. sterile cup for 1 h daily in the 
home cage with all enrichment devices removed. MG and PO 
exposures were performed daily for 4 wk beginning 4 wk prior to 
the time of expected terminal tumor burden for each cell line; this 
schedule corresponds to the typical drug treatment period used 
in our preclinical glioblastoma mouse model. Mice in the MG and 
PO groups were monitored daily for wellbeing assessment and 
weight collection 3 times each week throughout the duration of 
the study. On Wednesday of each week, all mice were weighed 
and immediately placed into clean cages. Enrichment devices 
were transferred to the new cage and additional clean bedding 
was added to new cages as needed to replace what had been 
soiled. At 24 h after the weekly cage change, mice were trans-

ferred briefly to a holding cage to allow for collection of feces 
for subsequent corticosterone analysis. Home cage bedding was 
sifted through a 12-in. sieve with a 4-mm mesh grid and a collec-
tion pan below. All feces produced over the previous 24-h period 
for each cage was transferred to 50-mL conical tubes and frozen at 
–80 °C to preserve corticosterone. Sifted bedding and mice were 
returned to the home cage. MH mice, serving as a negative con-
trol for stress, were monitored daily for wellbeing assessment. 
Body weight measurement and cage changes were performed 
as described but without the additional 2 weight measurements 
each week or daily experimental manipulations as for the MG 
and PO groups. Because cage change is potentially a stressor and 
might increase corticosterone secretion, the mice were habitu-
ated to weekly cage changes from the time of arrival, and all the 
groups were handled in the same manner during this compara-
tive study. All mice were euthanized by isoflurane overdose at the 
completion of the study or at the first signs of neurologic deficit or 
weight loss greater than 20%.

Fecal corticosterone measurements. The steroid hormone corti-
costerone, which is produced in the adrenal cortex, is the biologi-
cally relevant corticosteroid found in mice.41 To obtain baseline 
values, feces produced over a 24-h period were collected once 
each week from each of 3 cages per treatment group for 5 wk, 
starting 1 wk prior to PO or MG exposure. Feces were collected 
in 50-mL conical tubes, the weight was measured and normalized 
by the number of animals in the cage. For corticosterone levels, 
samples were immediately placed on ice and frozen at –80 °C. 
Triplicate samples of feces (1.0 g each) from each treatment group 
were selected randomly, weighed, and dried overnight in a 60 
°C oven. Samples were pulverized with a mortar and pestle and 
corticosterone was extracted in 96% ethanol (0.1 g/mL ethanol) 
for 40 min at room temperature. Samples were centrifuged at 
4200 × g for 15 min at room temperature and ethanol evaporated 
under vacuum. All samples were stored desiccated at –20 °C un-
til assayed. Fecal corticosterone levels were measured by using 
a corticosterone ELISA (ENZO, Farmingdale, NY) according to 
the manufacturer’s instructions. Results were calculated in ng/g  
feces.

Adrenal gland dissection and measurement. Paired adrenal 
glands were dissected from each mouse and placed in a 60-mm 
culture dish. Fat and connective tissue were removed under a dis-
secting microscope. Paired adrenals were blotted dry, weighed, 
and 2× images captured using a Nikon E800M microscope and 
DXM1200C digital camera with Image Pro Plus software. Adrenal 

Table 2. Clinical information associated with the patient-derived cancer stem cells

Pathology Treatment status Tumor location Age/Sex MGMT promoter
Time (d) to 
progression

Overall sur-
vival (d)

GBM1 Glioblastoma untreated Right temporal 56/female Methylated 232 360
GBM2 Glioblastoma untreated Left temporal 55/female Methylated 555 664
GBM3 Glioblastoma-variant untreated Left parietal–occipital 62/male Unmethylated 88 317

  gliosarcoma
GBM4 Glioblastoma BCNU Left frontal 61/male Unmethylated 60 196
GBM5 Glioblastoma untreated Right temporal 45/male Unmethylated 88 646

after intracranial injection at L1, L3, or L4. In summary, for L1, dye was observed throughout the ventricular system in brain blocks a through d, as 
exemplified by mice nos. 1 and 2. At L3, dye injections localized exclusively to the injection tract, with no dye observed in the ventricular system (mice 
nos. 3 and 4). Similar to observations for L3, dye injections at L4 also localized exclusively to the injection tract (mice nos. 5 and 6). Scale bar, 1000 µm 
(in E but applies to all panels).
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gland size (mm2) was calculated from captured images by using 
ImageJ.38 The ratio of the paired adrenal gland weight to peak 
body weight was calculated by using the highest body weight 
for each mouse immediately prior to the decline due to tumor 
burden.

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism 6 (GraphPad Software, La Jolla, CA). Observ-
ers were blinded to the experimental groups, where possible. 
Unpaired t tests or one-way ANOVA, followed by t tests for in-
dividual group comparisons, were used as described for each 
experiment. Fisher exact tests were used to compare incidence of 
ventricular tumors in different implantation locations. Kaplan–
Meier survival curves were compared by using the log-rank Man-
tel–Cox test. Unpaired t-tests were used to compare the observed 
histologic characteristics of ventricular and nonventricular tu-
mors. For all comparisons, a P value of less than 0.05 was consid-
ered significant.

Results
Testing intracranial implantation coordinates with tracer dye. 

Preclinical research requires that patient-derived mouse xeno-
grafts present consistent, reproducible intracranial tumor growth 
and symptom development. Human glioblastoma tumors are lo-
cated predominantly within the cerebral cortex and infiltrate the 
brain parenchyma. Because the mouse cortex proportionally com-
prises a smaller fraction of the brain, to favor tumor growth into 
the cortex and to prevent cell efflux through the craniotomy and 
subsequent superficial tumor growth, tumor cells were implanted 
into subcortical locations in mice.3,33 To trace the distribution of 
the contents of intracranial injections, 5 μL of toluidine blue dye 
solution was injected into 4 to 8 animals per group (Table 1) at  
4 distinct sets of coordinates (Figure 1 A through D) and by using 
the same protocol as for tumor cell implantation. Mice were eu-
thanized 20 min after dye injection, whole brains were removed, 
and 4 coronal tissue blocks (2-mm thickness) were obtained and 
labeled from anterior to posterior (a through d). Tissue blocks 
were examined immediately under a microscope to evaluate the 
dissemination of dye into surrounding brain structures, and im-
ages were captured (Figure 1 E). According to a published atlas,35 
dye injected at L1 (ML, –2.5; AP, 0; DV, –3.0) was expected to be 
localized to the central striatum, ventral to the corpus callosum. 
Coordinates in the atlas are based on adult (26 to 30 g) C57BL/
J6 mice, whereas smaller (17 to 19 g) and younger (5 to 8 wk) 
nude mice are typically used for patient-derived models. Indeed 
in the 8-wk old- female nude mice used in this study, the injec-
tion tract and dye distribution were more posterior than expected 
and lay immediately adjacent to the lateral ventricle (Figure 1 C). 
Intraventricular dye dissemination was observed in all 8 mice 
injected at L1 (Figure 1 A and E). Dye injected at L2 (ML, –4.0; AP, 
0; DV, –3.0), which was 1.5 mm lateral relative to L1 (Figure 1 B 
and C), resulted in dye localization to or immediately adjacent to 
the injection tract in all 4 subjects tested (Figure 1 A). However, 
injections at this location were difficult to execute due to the ex-
treme lateral placement of the injection. Needle insertion was 
compromised by the proximity to the bony ridge at the edge of 
the parietal bone. L3 dye injections (ML, –2.5; AP: –1; DV: –2.5),  
1 mm anterior to L1 (Figure 1 B and D) similarly resulted in dye at 
or immediately adjacent to the injection tract in all 8 subjects, with 
no evidence of ventricular dye dissemination (Figure 1 A and E). 
Similar to that for injection at L3, dye localization at L4 (ML, –2.5; 

AP, –1; DV, –3.0) was at or immediately adjacent to the injection 
tract in all 4 subjects, with no evidence of ventricular dye dis-
semination (Figure 1 A and E). L4 injections were placed 0.5 mm 
deeper than L3 injections (Figure 1 B and D) to provide a deeper 
pocket for the injected volume, thus minimizing the risk of efflux.

Effect of implantation site on anatomic location of tumor 
growth. After tracking the dissemination of dye at 4 implantation 
locations, we assessed the effect of glioblastoma CSC implan-
tation at the same locations on tumor growth rate, pattern, and 
morphologic characteristics. Glioblastoma patient-derived CSC 
lines GBM1, GBM2, GBM3, and GBM4 were selected to represent 
diverse clinical and molecular characteristics (Table 2), and one 
nonstem serum-cultured cell line, U251fluc, was included in the 
study for comparison (Table 1). For drug studies, typically large 
cohorts of mice are implanted with the same batch of tumor cell 
suspension and randomized to several treatment arms to ensure 
uniformity of initial tumor cell inoculation. Single-cell suspen-
sions (3 × 105 viable cells per mouse) were implanted at L1, L2, L3, 
or L4 (Figure 1 A through D). Mice were euthanized by isoflurane 
over Glioblastoma patient-derived CSC lines dose followed by 
decapitation at the completion of the study or at the first signs of 
neurologic deficit or weight loss greater than 20%. Tumor loca-
tion was assessed histologically in coronal brain sections stained 
with hematoxylin and eosin and labeled with an antibody to the 
human marker MHCI.

Results for GBM1 cells were consistent with dye distribution 
results (Figure 1 A and E). Nonventricular tumors (Figure 2 A,  
left column) were localized to the subcortical and cortical regions, 
presenting necrosis and thrombosis, further described below. 
Human glioblastoma is characterized by areas of necrosis sur-
rounded by infiltrative tumor cells.27 Ventricular tumors by con-
trast were small, obstructive, multifocal, and without necrosis 
or infiltrating tumor cells (Figure 2 A, right column). Ventricular 
tumors were observed in 16 of 27 (59.26%) subjects implanted at 
L1 (Figure 2 B). In contrast, significantly fewer subjects implanted 
at L4 had ventricular tumors, 2 of 16 (12.5%; Figure 2 B; Fisher 
exact test, P < 0.0038). Ventricular tumor growth was not observed 
in subjects implanted at L2 (0 of 9; Figure 2 B; Fisher exact test,  
P = 0.0019). These tumors were localized to the extreme lateral 
cortex with very diffuse tumor in subcortical areas. Consistency 
of tumor cell implantation at this location was predicted to be 
very difficult due to the extreme lateral placement, as described 
above. Similar to L4 implants, L3 implants resulted in tumors 
extending from the subcortical regions into the cortex, with ven-
tricular tumors occurring in only 1 of 9 (11.1%) subjects (Figure 2 B; 
Fisher exact test, P = 0.0198).

Glioblastoma is characterized by both marked intertumor and 
intratumor heterogeneity, challenging the development of novel 
therapies.15 We have developed a mouse PDOX panel to study 
the heterogeneity of glioblastoma observed across the patient 
population and to move toward a personalized approach to pa-
tient therapy.4,5,11 To assess to what extent tumor heterogeneity 
and differential growth characteristics would affect these results, 
additional glioblastoma cell lines were examined under the same 
conditions. GBM2 cells were implanted at L1, L3, and L4. Ven-
tricular tumors were present in 5 of 7 (71.43%) subjects implanted 
at L1 (Figure 2 B). Significantly fewer ventricle tumors, 1 of 16 
(6.25%), were observed in subjects implanted at L4 (Figure 2 B; 
Fisher exact test, P = 0.0034). Similarly, no ventricular tumors 
were observed for subjects implanted at L3 (Figure 2 B; Fisher 
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Figure 2. Tumor growth pattern and frequency of ventricular tumors in glioblastoma patient-derived orthotopic xenografts from different implantation 
sites. (A) Representative images of coronal brain sections from mice implanted intracranially with 4 patient-derived glioblastoma CSC (GBM1 through 
GBM4) and a traditional glioblastoma cell line (U251fluc), exemplifying nonventricular (left column) and ventricular (right column) tumor localization 
for each model. Tumors that localized to the subcortical and cortical regions were large, well-vascularized and necrotic, thus recapitulating human glio-
blastoma, whereas tumors that localized to the ventricular system were typically small and multifocal and lacked a central necrotic core. Hematoxylin 
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and eosin stain; tumor regions are circumscribed; bar, 1000 µm (main images); 50 µm (insets). (B) The incidence of ventricular tumors among the mice 
according to implantation location for the indicated number of mice. For all mouse models, a higher percentage of ventricular tumors resulted from 
implants at L1 relative to the other locations; differences were considered significant (*) at P < 0.05 (Fisher exact test).

exact test, P = 0.0210). We observed a higher frequency of tumors 
growing at the outer surface of the cortex for GBM2 implanted at 
L3 (data not shown) but not for other cell lines, possibly due to in-
creased efflux at the more superficial injection site. Consequently, 
the increased depth of L4 was better suited to contain the injection 
volume and minimize superficial tumor growth for the CSC lines 
that present this propensity.

Results for GBM3 implanted subjects were similar, with ven-
tricular tumors present in 19 of 29 (65.52%) subjects implanted 
at L1 (Figure 2 B). Significantly fewer ventricular tumors were 
observed in subjects implanted at L4, 10 of 43 (23.26%) subjects 
(Figure 2 B; Fisher exact test, P = 0.0005). Again, as a consequence 
of the differential growth characteristics of these cell lines, some 
ventricular tumors extended into the surrounding subcortical and 
cortical regions, although this growth was more diffuse with no 
central necrotic core, as is typically seen both in human glioblas-
toma and in nonventricular xenograft tumors in our models (Fig-
ure 2 A). Ventricular tumors were observed in 4 of 13 (30.77%) of 
subjects implanted at L3, significantly fewer than occurred at L1 
(Figure 2 B; Fisher exact test, P = 0.0494). Due to the technical dif-
ficulties associated with the extreme lateral location of L2, and in-
creased efflux of cell suspension for some lines at L3, as described 
earlier, GBM4 was implanted at L1 and L4 only. Ventricular tu-
mors were observed in 10 of 16 or 62.5% of L1 subjects, whereas 
none of the 20 L4 subjects had intraventricular tumors (Figure 
2 B; Fisher exact test, P < 0.0001). Similar to GBM3, some GBM4 
ventricular tumors infiltrated diffusely into the surrounding sub-
cortical and cortical regions (Figure 2 A). Mice with multifocal 
ventricular tumor growth presented tumor burden symptoms 
in the absence of significant tumor mass in the subcortical and 
cortical regions, possibly suggesting obstructive hydrocephalus.

These results indicate that the brain coordinates used for CSC 
implantation significantly affect xenograft tumor localization 
and growth patterns. CSC are propagated in selective serum-free 
media and retain the ability to self-renew and differentiate af-
ter implantation, whereas nonstem glioblastoma cells grown in 
media containing serum for many passages undergo irrevers-
ible differentiation.24 To test to what extent implantation location 
might affect tumor localization of a traditional serum-cultured 
nonstem glioblastoma cell line, we implanted U251fluc cells, modi-
fied to constitutively express firefly luciferase, at L1 and L4. As 
seen with CSC lines, implantation at L1 resulted in significantly 
higher frequency of ventricular tumors, 7 of 10 (70%) subjects, 
compared with 1 of 8 (12.5%) subjects implanted at L4 (Figure 2 
B; Fisher exact test, P = 0.0248). Despite presenting weight loss 
greater than 20% and significant neurologic symptoms at the time 
of euthanasia, only small clusters of tumor cells attached to the 
ventricle walls occurred in most of the U251fluc subjects in the L1 
group (Figure 1 A). Nonventricular tumors observed in most L4 
subjects were large and extended from the subcortical areas into 
the cortex (Figure 2 A). These results indicate that the effect of 
implantation location on glioblastoma tumor growth patterns is 
not restricted to CSC.

Despite the nonuniform characteristics intrinsic to these glio-
blastoma models, the data in Figure 2 B show that for each of 
the 5 lines, the implantation location L1 resulted in 60% to 70% 

incidence of ventricular tumors compared with 0% to 23% at 
L4. These results indicate that ventricular growth is significantly 
affected by implantation location in all 5 models. The ventricu-
lar tumor incidence for L4 varied among the lines, from 0% for 
GBM4 to 23% for GBM3.

Comparison of ventricular and nonventricular tumors in regard 
to mouse survival and tumor growth rate. We have established 
above that implantation location significantly affects to what ex-
tent intracranially injected tumor cells become established and 
produce tumors in the mouse ventricle or striatum and cortex. We 
next evaluated the clinical relevance of ventricular and nonven-
tricular tumors in terms of tumor growth rate, survival, histopa-
thology, and morphologic characteristics.

All subjects were euthanized when symptoms of terminal 
tumor burden—such as greater than 20% weight loss, hunched 
posture, cranial protrusion, and significant neurologic symp-
toms—were observed. For GBM1 PDOX, the median survival 
for mice with ventricular tumors was 34 d compared with 39 d 
for those with nonventricular tumors (Figure 3 A; log-rank test, 
P = 0.0143). Median survival for GBM2 PDOX was significantly 
reduced for subjects with ventricular tumors compared with non-
ventricular tumors, 21.5 and 33.5 d, respectively (Figure 3 B; log-
rank test, P = 0.0034). Survival for mice implanted with GBM3 
presenting ventricular compared with nonventricular tumors 
was 74 and 78 d, respectively, which were not significantly dif-
ferent (Figure 3 C; log-rank test, P = 0.1117). As described earlier, 
some GBM3 ventricular tumors infiltrated into the surrounding 
subcortical areas and cortex, with tumor cells lining the ventricles 
without obstruction, and this presentation might have minimized 
the effect on survival that was observed for the other cell lines. 
Median survival for GBM4 subjects with ventricular tumors was 
70 d compared with 79.5 d for subjects with nonventricular tu-
mors (Figure 3 D; log-rank test, P < 0.0001). Tumor location like-
wise affected the survival of the traditional U251fluc xenografts. 
Median survival for subjects with ventricular tumors was 18 d 
compared with 34 d for mice with nonventricular tumors (Figure 
3 E; log-rank test, P = 0.0001). The decreased survival for mice 
with ventricular tumors is consistent with shorter survival times 
related to obstructive hydrocephalus caused by ventricular tu-
mors in humans.21,25,39

Longitudinal tumor growth was monitored using noninva-
sive BLI. Cells expressing firefly luciferase (GBM3fluc and U251fluc) 
were implanted intracranially as described. Once each week, 
mice were injected intraperitoneally with D-luciferin substrate, 
and tumor bioluminescence was measured. Although no differ-
ence in survival was observed for GBM3 (Figure 3 C), a trend 
of reduced growth rate was present in subjects with ventricular 
tumors in the later, rapid growth phase compared with subjects 
with nonventricular tumors (Figure 3 F), suggesting a decreased 
tumor burden for ventricular tumors at the time of euthanasia. A 
comparison of the absolute BLI radiance (p/s/cm2/sr) showed 
no difference between GBM3 ventricular and nonventricular tu-
mors at the first measurement at 7 d after implantation (t test,  
P = 0.336) but a significantly higher radiance for nonventricular 
tumors at the last measurement prior to euthanasia (between 49 
and 98 d after implantation; t test, P = 0.0189; Figure 3 G). The 
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Figure 3. The presence of ventricular tumors influences xenograft tumor growth rate and mouse survival. Comparison of Kaplan–Meier survival 
curves between the indicated number of subjects with ventricular (vent) and nonventricular (non-vent) tumors by log-rank test for PDOX (A) GBM1 (P 
= 0.0143), (B) GBM2 (P = 0.0034), (C) GBM3 (P = 0.1117), (D) GBM4 (P < 0.0001), and (E) the nonstem-cell line U251fluc (P = 0.0001). (F) Results of weekly 
noninvasive in vivo bioluminescence imaging (BLI) are expressed as fold increase relative to the first measurement in GBM3fluc mice with ventricular 
or nonventricular tumors. (G) Bioluminescence radiance values (Log2) for ventricular and nonventricular tumors at the first (day 7 after implantation) 
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BLI fold-increase rate for the nonstem-cell line U251fluc was not 
affected by the presence of ventricular tumors, possibly due to the 
significantly shorter survival of these subjects, which were eutha-
nized due to terminal tumor symptoms before the beginning of 
the rapid growth phase, thus allowing for just 3 measurements 
(Figure 3 H). In fact, the absolute radiance measurements in the 
first scan, just 5 d after implantation, were significantly (t test, P = 
0.0118) lower for subjects with ventricular tumors. The difference 
in absolute radiance increased at the last measurement (between 
12 and 33 d after implantation; t test, P = 0.0001; Figure 3 I). The 
lower initial BLI measurements for U251fluc ventricular tumors 
indicate that, for this fast growing xenograft tumor model, the 
difference in tumor growth dynamics between ventricular and 
nonventricular tumors can be detected just after implantation.

Histopathology and morphologic characteristics. In addition to 
growing in the appropriate anatomic location, leading to consis-
tency in survival, another requisite qualifying glioblastoma xe-
nograft models for use in preclinical therapeutic development is 
recapitulation of the histopathology and morphologic characteris-
tics of human tumors. Images in Figure 2 A indicate histologic dif-
ferences between ventricular and nonventricular tumors. Next we 
characterized ventricular and nonventricular terminal tumors in 
the PDOX tissue relative to typical characteristics of glioblastoma.

Glioblastomas are grade IV astrocytomas, typically expressing 
the astrocytic marker GFAP. GBM3 is classified as a gliosarcoma, 
a rare morphologic variant of glioblastoma characterized by bi-
phasic glial and sarcomatous compartments.28 The glial portion 
is identified by the expression of GFAP, and the sarcomatous 
compartment is composed of GFAP-negative, reticulin-positive 
cells. Nonventricular tumors reproduced the gliosarcoma pheno-
type with GFAP-positive glial (Figure 4 A) and reticulin-positive 
sarcomatous (Figure 4 B) compartments. By contrast, ventricu-
lar tumors display only the glial GFAP positive compartment 
(Figure 4 C) and were reticulin negative (Figure 4 D), suggesting 
that the sarcomatous component of GBM3 might be suppressed 
in ventricular tumors. GBM4 is a typical glioblastoma, present-
ing a GFAP-positive nonventricular tumor mass (Figure 4 E) and 
fewer GFAP-positive cells in ventricular tumors (Figure 4 G). 
GFAP typically is not expressed in neurospheres in culture but is 
upregulated after implantation of the mouse xenograft tumors.5 
Adjacent sections of GBM4 (Figure 4 F and H) stained with the 
human marker MHCI clearly show human tumor cells through-
out the area examined for GFAP staining, demonstrating that 
these tumor cells are indeed negative for GFAP.

Glioblastoma tumors are characterized by dysfunctional and 
enlarged blood vessels.18 GBM3 PDOX sections stained with 
CD31, an endothelial cell marker, indicates that nonventricular tu-
mors have a high degree of hyperplastic blood vessels (Figure 4 I), 
whereas ventricular tumors were minimally vascularized (Figure 
4 J). As for GBM3, GBM2 nonventricular tumors demonstrated 
more hyperplastic blood vessels (Figure 4 M) than did ventricu-
lar tumors (Figure 4 N). For translation of preclinical studies of 
drugs targeting neoplastic cells or angiogenesis into the clinic, it is 
important that the hyperplastic blood vessels, a hallmark of glio-
blastomas, are represented in the PDOX models. Areas of hypoxia 

(a driver of angiogenesis), abnormal vasculature, and resistance 
to treatment, are characteristic of glioblastomas.47 HIF1α, a sub-
unit of the heterodimeric HIF1 transcription factor that regulates 
O2 homeostasis, is upregulated in response to hypoxia. HIF1α is 
upregulated in GBM3 nonventricular tumors, consistent with the 
prominent vascular hyperplasia observed (Figure 4 K) and, to a 
lesser degree, in GBM2 nonventricular tumors (Figure 4 O). Less 
HIF1α expression was noted for GBM3 ventricular tumors (Fig-
ure 4 L), whereas GBM2 ventricular tumors presented foci with 
increased HIF1α expression (Figure 4 P). The data show that the 
ventricular tumors are small, less vascularized, and present vari-
able levels of hypoxia.

Typical glioblastoma morphologic characteristics were evalu-
ated for ventricular and nonventricular tumors in PDOX. In 
addition to the abnormal vasculature described earlier, hyper-
cellularity, thrombosis, and necrosis with and without pseudo-
palisades (PP), which are accumulations of tumor cells around 
central necrosis, are defining characteristics of human glioblas-
toma.27 These characteristics were scored using a 1 to 4 scale from 
histologic images for terminal tumors of multiple subjects from 
each PDOX line. Results are summarized in Table 3, and repre-
sentative images for GBM3 are shown (Figure 4 Q through V). 
Intratumoral hypercellularity was not affected by ventricular or 
nonventricular growth, except for a modest increase for nonven-
tricular GBM2 tumors (Table 3). Significantly increased frequency 
of thrombosis (Figure 4 Q and R), PP necrosis (Figure 4 S and T), 
and necrosis (Figure 4 U and V) was observed for nonventricular 
tumors for half of the PDOX lines (Table 3). Ventricular tumors 
from all glioblastoma PDOX in this study were less invasive 
compared with nonventricular tumors, with significantly lower 
frequency of tumor growth in subcortical, cortical and white mat-
ter regions (Table 3). Nonventricular tumors invaded the brain 
parenchyma well beyond the injection tract and into the white 
matter and contralateral hemisphere (Table 3 and Figure 2 A). 
Although many of the ventricular tumors for GBM1 and GBM2 
were small and multifocal with little invasion into surrounding 
tissue or white matter, some GBM3 and GBM4 ventricular tu-
mors also infiltrated into the surrounding subcortical and cortical 
regions (Table 3 and Figure 2 A). However, as mentioned earlier, 
these infiltrating ventricular tumors exhibited less necrosis and 
thrombosis than nonventricular lesions. These results show that 
in a diverse glioblastoma PDOX panel, glioblastoma histopatho-
logic features are indeed better reproduced in tumors without 
ventricular involvement. We conclude that implantation location 
and the resulting tumor distribution are critical factors in producing 
consistent and reproducible mouse orthotopic xenografts that are 
representative of human glioblastoma.

Stress measurement and effect on PDOX tumor burden. In addi-
tion to improving the reliability of tumor formation in our mouse 
model of human glioblastoma, we examined the effect of stress 
due to restraint and orogastric gavage on mouse PDOX models. 
Next we studied whether daily gavage or exposure to predator 
odor influence tumor growth, survival, adrenal gland weight, 
body weight, and fecal corticosterone levels in PDOX models. 
GBM3 and GBM5 PDOX, from 2 newly diagnosed untreated glio-

and last scans for GBM3. (H) BLI fold increase for U251fluc xenografts. (I) Bioluminescence radiance values (log2) for ventricular and nonventricular 
tumors at the first (day 7 after implantation) and last scans for U251fluc. For panels G through I, the final scans shown are from representative mice in 
each group, and P < 0.05 was considered to define statistical significance (*).
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blastoma patients with unmethylated MGMT promoters (Table 
2) and different survival times, were chosen for the stress experi-
ments. Female athymic nude mice were implanted with GBM3 
and GBM5 CSC and randomized to MG, PO positive-control, or 
MH negative-control groups. PO exposure and MG treatment 
began 4 wk prior to the time of expected terminal tumor burden, 
which was 6 wk after implantation for GBM3 and 2 wk for GBM5, 
and lasted for 4 wk, a typical preclinical drug treatment schedule. 
Mice subjected to chronic stress due to either restraint or social 

isolation have increased tumor burden and more invasive tumor 
growth in a mouse model of ovarian cancer.43 In the current study, 
there was no significant effect of PO or MG exposure on overall 
survival compared with the MH groups for either GBM3 (log-
rank test, P = 0.3016 and 0.2755, respectively; Figure 5 A) or GBM5 
(log-rank test, P = 0.5684 and 0.7483, respectively; Figure 5 B). 
Previous studies have shown that body weight measurements of 
mice exposed to daily restraint-associated stress decrease rapidly 
and remain lower compared with nonstressed controls, despite 

Figure 4. Morphologic features and immunohistologic markers are distinct between ventricular and nonventricular xenograft tumors. (A) GFAP ex-
pression and (B) reticulin staining (arrows; adjacent section) in GBM3 PDOX show the biphasic glial (g) and sarcomatous (s) components that character-
ize the glioblastoma-variant gliosarcoma. The gliosarcoma biphasic staining pattern is suppressed in ventricular tumors, as demonstrated by (C) the 
loss of GFAP-negative regions and an absence of reticulin staining, thus indicating that (D) only the glial (g) component is present. (E) GFAP is highly 
expressed in GBM4 nonventricular tumors. (F) An adjacent tissue section is stained with the human marker MHCI. (G) GFAP expression is restricted to 
cell clusters in the ventricular tumor. MHCI staining reveals human tumor cells throughout the GFAP-negative regions in the adjacent section, indicat-
ing that the absence of GFAP staining is not due to a lack of human tumor cells (H). (I) CD31 staining of GBM3 tumors reveals numerous hyperplastic 
blood vessels (arrows) in nonventricular tumors, typical of human glioblastoma. In comparison, (J) ventricular tumors display much less vascular 
hyperplasia, particularly in the small spheroid-like tumor masses floating freely in the ventricle. (K) The Hif1α−positive cells in GBM3 indicate greater 
hypoxia in nonventricular tumors; (L) ventricular tumors were less hypoxic. As for GBM3 tumors, CD31 staining of GBM2 revealed more vascular hy-
perplasia in (M) nonventricular tumors relative to (N) ventricular tumors. (O) Focal Hif1α-positive cells were observed in GBM2 tumors (arrows) and 
(P) a larger area of Hif1α-positive cells (arrows) in ventricular tumors. (Q–V) GBM3. Thrombosis was (Q) frequent (arrows) in nonventricular tumors 
but was (R) absent from ventricular tumors. PP necrosis was (S) prominent (arrows) in nonventricular tumors but (T) absent in ventricular tumors. 
Similarly, necrosis without pseudopalisades was (U) frequent (arrows) in nonventricular tumors but (V) absent in nonventricular tumor. Scale bars: D, 
100 μm (applies to A–D); H, 50 μm (applies to E–P); and V, 100 μm (applies to Q–V).
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recovery of food intake.19 No significant effect of handling stress 
on mean body weights for each treatment group was observed 
for GBM3 (Figure 5 A) or GBM5 (Figure 5 B) mice. In addition, 
body weight change (relative to the last pretreatment measure-
ment) in individual mice after 1 wk of treatment was not signifi-
cantly different among the treatment groups for either line (1-way 
ANOVA); Figure 5 A and B). Body weight decline and symptom 
onset coincided for all groups, suggesting no significant effect 
on late-stage rapid tumor growth and no effect on symptom-free 
survival for GBM3 or GBM5 (Figure 5 A and B).

A widely used noninvasive means of assessing response 
to stressors, fecal corticosteroid measurement was used in the 
current study in place of plasma corticosterone to avoid the 
confounding effect of a stress response due to repeated blood 
sampling.44 After mice had been treated for 1 wk, their feces were 
collected over a 24-h period. Fecal corticosterone levels were de-
termined by ELISA and normalized to values from age-matched 
naïve nude mice samples, which ranged from 1.7 to 6.2 ng corti-
costerone per gram of feces. There was no significant difference 
between naïve and tumor-bearing untreated (that is, MH) mice 
(Figure 5 C). The 24-h fecal excretion of corticosterone was not 
increased by MG treatment or PO exposure relative to the MH 
group for GBM3 or GBM5 PDOX (Figure 5 C).

Furthermore, chronic stress has been shown to affect adrenal 
glands, resulting in increased adrenal weights coinciding with de-
creased body weights.6 Here, we investigated the ratio of paired 
adrenal gland weight to peak body weight, calculated by using 
the highest body weight for each mouse immediately prior to de-
cline due to tumor burden. Adrenal glands were collected at the 
time of euthanasia due to terminal tumor burden and the weight 
normalized to the peak body weight achieved during the course 
of the experiment. No significant difference in normalized ad-

renal gland weight was noted for GBM3 or GBM5 (Figure 5 D). 
Taken together, the data suggest that PO and MG exposure did 
not significantly alter the physiologic measures of stress or PDOX 
tumor growth.

Discussion
Patient-derived mouse orthotopic xenografts have great po-

tential for glioblastoma preclinical drug development, due to a 
better preservation of the diverse genomic and molecular hetero-
geneity found in the clinical setting,8,11,14,22,24,45 even recapitulating 
phenotypes defining rare glioblastoma variants.5 Human glio-
blastoma typically presents as a frontotemporal lesion in the cere-
bral cortex, with only 1% presenting as ventricular tumors.32 Here 
we show that implanted CSC that form tumors extending from 
the subcortical areas into the cortex are more similar to clinical 
glioblastomas, compared with tumor cells dispersed throughout 
the ventricular system. We show that glioblastoma PDOX with 
ventricular tumors have a shorter time to onset of symptoms and 
shorter overall survival. These mice presented with symptoms 
similar to those of terminal tumor burden, such as cranial protru-
sion, sluggishness, gait disturbances, and seizures, thus meeting 
the criteria for termination, but are found on histologic evalua-
tion to have small and frequently multifocal tumors, resulting in 
considerable challenges regarding efficient tissue harvest for mo-
lecular analysis, an intrinsic component of translational research. 
Furthermore, the ventricular microenvironment is different from 
the subcortical areas and cortex, resulting in differences not only 
in tumor growth rates but also in vasculature, morphology, and 
immunohistochemical markers, rendering them less representa-
tive of the human glioblastoma tumor phenotype.

In humans, glioblastoma typically presents as invasive corti-
cal lesions characterized by necrosis, thrombosis, and abnormal 

Table 3. Histologic characteristics of PDOX tumors

Hypercellularity PP necrosis
Necrosis with-

out PP Thrombosis

Tumor location

Subcortical Cortical White matter

GBM1
Ventricular (n = 5) 2.8 ± 0.60 1.20 ± 1.09 0.90 ± 0.98 0.85 ± 0.89 0.95 ± 0.98 1.15 ± 0.82 2.20 ± 1.02
Nonventricular (n = 10) 3.20 ± 0.33 1.73 ± 1.00 2.41 ± 1.06 2.43 ± 1.46 3.25 ± 1.14 2.98 ± 1.02 2.72 ± 0.86
P 0.1983 0.5388 0.0726 0.0193a 0.0073a 0.0142a 0.4898

GBM2
Ventricular (n = 6) 3.38 ± 0.14 0.42 ± 0.38 0.25 ± 0.61 0.17 ± 0.30 1.08 ± 1.02 0.38 ± 0.70 1.25 ± 0.71
Nonventricular (n = 10) 3.65 ± 0.13 0.98 ± 0.71 1.03 ± 1.43 1.25 ± 1.24 3.93 ± 0.12 3.2 ± 0.69 2.95 ± 0.71
P 0.0083a 0.1036 0.0031a 0.0140 0.0006b 0.0002b 0.0023a

GBM3
Ventricular (n = 9) 2.03 ± 1.53 0.03 ± 0.08 0.17 ± 0.50 0.47 ± 0.90 0.44 ± 0.67 0.14 ± 0.33 0.59 ± 0.76
Nonventricular (n = 5) 3.22 ± 1.4 1.9 ± 1.31 1.42 ± 0.94 2.9 ± 0.72 3.31 ± 0.43 3.14 ± 0.67 2.31 ± 0.91
P 0.0879 0.0008b 0.0306a 0.0064a <0.0001c <0.0001c 0.0024a

GBM4
Ventricular (n = 4) 3.25 ± 0.01 0.0 0 ± 0.00 1.81 ± 1.38 0.50 ± 1.00 0.63 ± 0.95 0.38 ± 0.75 0.50 ± 1.00
Nonventricular (n = 6) 3.50 ± 0.22 2.21 ± 1.20 2.21 ± 0.75 0.79 ± 0.93 3.75 ± 0.50 2.79 ± 1.59 3.21 ± 0.76
P 0.0892 0.0069a 0.5678 0.6489 0.0004b 0.0012a 0.0012a

PP, pseudopalisading
Data are given as mean ± 1 SD.
aP < 0.05 (Unpaired t test)
bP < 0.001 (Unpaired t test)
cP < 0.0001 (Unpaired t test)
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Figure 5. Assessment of physiologic stress elicited by oral gavage. The effect of stress from either daily predator odor (PO) or mock gavage (MG) on 
body weight changes, survival, excreted corticosterone, and adrenal gland weight were compared with a minimally handled control group (MH). (A) 
GBM3 PDOX survival was not significantly affected by PO or MG compared with the MH group (log-rank test, P = 0.3016 and 0.2755, respectively). 
Mean body weight periodic measurements are shown for each group until the end of treatment. The insert shows the log2 fold-change for each mouse 
after 1 wk of treatment, relative to the weight immediately before treatment. Values compared by 1-way ANOVA were not significant (P = 0.0548). (B) 
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vessels,27 and (very rarely) ventricular involvement.21,25,32 The 
PDOX in this study could be divided into 3 groups, according 
to anatomic location of the terminal tumor: 1) single tumor mass 
extending from the subcortical areas into the cortex; 2) small mul-
tifocal tumors associated with the lateral and third ventricles; 
and 3) presence of ventricular tumors and diffuse tumor cells in 
the adjacent subcortical areas. Human glioblastoma tumors have 
similarly been classified into categories according to MR images 
that show SVZ or cortical association.17 The SVZ-associated hu-
man tumors were more likely to present multifocal tumors, rapid 
progression, and decreased survival.17,26 In addition, in human 
patients, tumor spread into the ventricles often leads to blockage, 
resulting in ventricular enlargement, hydrocephalus, and subtotal 
resection, among other complications.21,25,39 Recent evidence sug-
gests increased frequency of ventricular involvement for isoci-
trate dehydrogenase 1 mutant glioblastoma in younger patients,2 
so it is relevant to highlight that the glioblastoma tumors used in 
this study are wildtype for this enzyme. The free-hand implanta-
tion method allows for appropriate control of placement of the 
injection, with the advantage of higher throughput and minimal 
restraint compared with stereotactic surgery, enabling the implan-
tation of large cohorts of mice necessary in multi-arm preclinical 
studies.3,9,33 We optimized the coordinates for placement of the 
human tumor cell suspension in a location that promotes corti-
cal tumor growth, avoiding ventricular tumors, as for clinically 
relevant glioblastoma mouse models, ventricular tumors are not 
the ideal representation of the human counterpart. The optimal 
implantation site that we identified here (L4 implantation coor-
dinates ML, –2.5; AP, –1; DV, –3.0) is specific for the mouse strain 
and age used in our studies. Optimal implantation location must 
be determined for different strains and age.

Stress has been shown to activate the HPA axis, ultimately 
resulting in the release of glucocorticoids from the adrenal cor-
tex.30 This stress response may lead to reduced body weight or, 
conversely, to body weight gain as well as reduced food con-
sumption and general activity level. In addition, thymus and 
spleen weights may be reduced whereas adrenal weights may 
be increased.6 Stressors activate the sympathetic nervous system 
leading to release of epinephrine and norepinephrine increasing 
tumor burden and invasive growth in mouse models of ovar-
ian carcinoma,43 and prostate cancer.10 In the current study, we 
compared the effects of exposure of female nude mice bearing in-
tracranial tumors to daily PO or MG for 4 wk, using a minimally 
handled untreated cohort as control for stress. Results indicate 
that MG and PO did not affect several physiologic measurements 
of stress (body weight, fecal corticosterone, and adrenal gland 
size), and had no significant effect on tumor growth rate or PDOX 
overall survival. The reduced HPA axis response observed for 
athymic mice,7 along with habituation and a reduced hormonal 
response from repeated exposure to stress,42 are likely contribut-

ing factors to the lack of detectable stress response observed in 
this study. With relevance for preclinical research, we conclude 
that experimental manipulations used in routine oral drug ad-
ministration regimens for PDOX, as simulated in this study, do 
not represent a significant stressor, nor do they alter the outcomes 
of glioblastoma tumor growth in female athymic nude mice.

Our study demonstrates the importance of optimization of pre-
clinical models of human disease, which directly affects the rel-
evance of the model. Optimizing the location of the implantation 
location for glioblastoma tumor growth, specific for each mouse 
strain and age, will yield a more consistent and reproducible glio-
blastoma PDOX for preclinical studies and molecular analysis, 
increasing the translational value of these models in the develop-
ment of therapies for glioblastoma.
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