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Cytostatic hypothermia and its impact on glioblastoma
and survival
Syed Faaiz Enam1,2*, Cem Y. Kilic1†, Jianxi Huang1†, Brian J. Kang1, Reed Chen1, Connor S. Tribble1,
Ekaterina Ilich1, Martha I. Betancur1, Stephanie J. Blocker3, Steven J. Owen4, Anne F. Buckley5,
Johnathan G. Lyon1,6, Ravi V. Bellamkonda1,6*

Patients with glioblastoma (GBM) have limited options and require novel approaches to treatment. Here, we
studied and deployed nonfreezing “cytostatic” hypothermia to stunt GBM growth. This growth-halting
method contrasts with ablative, cryogenic hypothermia that kills both neoplastic and infiltrated healthy
tissue. We investigated degrees of hypothermia in vitro and identified a cytostatic window of 20° to 25°C. For
some lines, 18 hours/day of cytostatic hypothermia was sufficient to halt division in vitro. Next, we fabricated an
experimental tool to test local cytostatic hypothermia in two rodent GBM models. Hypothermia more than
doubled median survival, and all rats that successfully received cytostatic hypothermia survived their study
period. Unlike targeted therapeutics that are successful in preclinical models but fail in clinical trials, cytostatic
hypothermia leverages fundamental physics that influences biology broadly. It is a previously unexplored ap-
proach that could provide an additional option to patients with GBM by halting tumor growth.
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INTRODUCTION
Despite standard-of-care treatment, patients with glioblastoma
(GBM) have a poor median survival of 15 to 18 months, and at
best, ~7% survive 5 years after diagnosis (1, 2). This is due to the
ineffectiveness of current therapies, resulting in nearly all GBMs re-
curring. More than 80% of recurrences are local (3–5), which pro-
vides a role for local therapies. Unfortunately, because of the
traumatic effects of treatment, only 20 to 30% of the recurrences
can be resected before recurring once more (6).

The ineffectiveness of current GBM therapies necessitates novel
domains of therapeutics, such as manipulating physical phenomena
like electric fields, topographical guidance, and temperature. For
example, tumor-treating electric fields can disrupt mitosis and
mildly affect overall survival (7, 8). Topological cues of aligned
nanofibers can induce directional migration of GBM to a cytotoxic
sink (9), and this strategy recently received U.S. Food and Drug Ad-
ministration (FDA) breakthrough status. Applying electric fields
may also induce directional GBM migration (10). Both hyper-
and hypothermia have been successfully used to kill tumor cells
(11, 12). Thus, approaches that leverage physics may expand the
repertoire of options available to GBM patients.

Hypothermia as a cancer therapy remains relatively underex-
plored and can be divided into two forms: cryogenic (freezing)
and noncryogenic hypothermia. Currently, our only hypother-
mia-driven approach against cancer is cryosurgery (13). In the
1940s, neurosurgeon T. Fay first applied whole-body hypothermia

to limit tumor growth, but it proved hazardous and infeasible (14).
He then attempted locally freezing tumor in one glioma patient with
a cryoprobe tethered to a “beer cooler.” However, the details of this
case are unavailable (e.g., hypothermia degree, duration, intermit-
tency, and follow-up), possibly due to hypothermia falling out of
favor after being misused during World War II (15). Eventually,
cryogenic freezing of brain tumors was reattempted, and cryosur-
gery was born (12, 16). However, subzero temperatures indiscrim-
inately ablate diseased and healthy tissue (13, 17) and thus offer little
advantage over current GBM therapies.

Alternatively, the healthy brain is resilient to noncryogenic hy-
pothermia (14, 18, 19). In addition, temperatures of 32° to 35°Cmay
be neuroprotective after injury (20). This moderate hypothermia
reduces cell metabolism, oxygen and glucose consumption,
edema, excitotoxicity, and free radical formation (20). In epilepsy,
cortical cooling devices can halt seizures in primates (19, 21) and
intraoperatively in patients (22). Thus, noncryogenic hypothermia
could have therapeutic utility without notable cortical damage.

This study proposes noncryogenic hypothermia to halt brain
tumor growth in awake and freely moving rodents. We first identify
a window of temperatures that safely halts cell division, and we term
this range “cytostatic hypothermia.” Our approach validates and
expands upon suggestions from in vitro studies (23–28), including
one from 1959 (14), that hypothermia can reduce cell proliferation.
We investigate the effects of the degree and duration of hypothermia
on the growth and metabolism of multiple human GBM lines in
vitro. We also explore the effect of concomitant hypothermia with
chemotherapy and chimeric antigen receptor T cell (CAR T) immu-
notherapy in vitro. Next, we computationally model and fabricate
an experimental device to deliver cytostatic hypothermia in vivo
for rats to demonstrate proof of concept. We then test the applica-
tion of cytostatic hypothermia in two GBM rat models. Grounded
by our findings, we propose our vision of a patient-centric device.
With this approach, we leverage temperature, a fundamental phys-
ical trait, to influence biology by simultaneously modulating nu-
merous cellular pathways. Thus, the broad biological effects may
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not be species-specific (i.e., they may translate to humans). On the
basis of our evidence and the potential for translation, cytostatic hy-
pothermia could be a much needed option for patients who would
otherwise succumb to GBM.

RESULTS
In vitro GBM growth is influenced by hypothermia
To investigate how different degrees of hypothermia affect cell
growth rates, we cultured three human GBM cell lines and one rat
GBM line at 20°, 25°, 30°, and 37°C. Growth was assessed daily
through a custom live-cell imaging and analysis method we devel-
oped (Fig. 1A). It uses contrast and edge detection with optimized
thresholds to identify tumor coverage as a proxy for growth in a
two-dimensional (2D) well. All cell lines grew at 37°C (fig. S1A)
and became fully confluent within 3 to 5 days (Fig. 1B). Reducing
the temperature to 30°C reduced growth rates such that a significant
(P < 0.0001) difference in cell coverage was present at 12 days with
U-87 MG, T98G, and LN-229. Furthermore, three human GBM

lines showed no growth at 25°C (Fig. 1B and fig. S1B), again dem-
onstrating significantly reduced cell coverage by day 12 (P < 0.0001).
While F98 (rat GBM) did have significantly reduced coverage at 12
days under 25°C (P < 0.0001), it required 20°C to halt growth
(Fig. 1B and fig. S1C).

To explore the minimum daily duration of cooling required to
maintain cytostasis, we cycled the plates between 37° and 25°C in-
cubators for a predefined number of hours per day (hours/day) (fig.
S2A). The temperature change of the medium had a rapid phase
followed by a slow phase, reaching the desired temperature within
30 to 60 min (fig. S2B). The growth rates of all cell lines were sig-
nificantly reduced with as little as 16 hours/day of 25°C hypother-
mia compared to 37°C (fig. S2C). The application of 20 hours/day of
20°C hypothermia on F98 also reduced its growth rate compared to
25°C (fig. S2D). To assess whether an “induction” dose of hypother-
mia made cells more sensitive to intermittent hypothermia, we
added a 4-day 25°C pretreatment period. Growth rates were signifi-
cantly affected (Fig. 1C) such that T98G and LN-229 demonstrated
equivalent coverage on day 12 compared to day 4 after 18 hours/day

Fig. 1. Effect of continuous and intermittent cytostatic hypothermia on GBM cell lines in vitro. (A) Tumor coverage analysis; photos (left) and resultingmasks (right).
Cells were incubated overnight in 96-well plates at 37°C (middle) and then incubated under either normothermia or hypothermia for 4 days (top and bottom). A custom
ImageJmacro identified tumor from background and quantified confluence as “well coverage (%).” In themasks, cells are black, and background is white. (B) GBM growth
curves (n = 8) via coverage at continuous 37°, 30°, 25°, or 20°C; statistical significance determined via two-way analysis of variance (ANOVA) with Dunnett’s multiple
comparisons. (C) GBM growth rates under intermittent 25°C hypothermia after 25°C pretreatment (n = 8); statistical significance determined via two-way ANOVA with
Dunnett’s multiple comparisons. (D) Live/Dead assay of GBM lines over time at cytostatic hypothermia temperatures (n = 8). Right y axis: number of living (gray) and dead
cells (maroon); left y axis: ratio of Live:Dead cell. (E) Cell viability imaging assay (n = 8). Cells were grown at their cytostatic temperatures for 0, 1, 2, 3, or 4 weeks and then
incubated at 37°C for one final week (x-axis arrows indicate the date the color-corresponding plate was transferred). Statistical significance determined via two-way
ANOVA with Dunnett’s multiple comparisons reported in Results with remaining statistics in table S1. All graphs show means ± SD.

Enam et al., Sci. Adv. 8, eabq4882 (2022) 25 November 2022 2 of 13

SC I ENCE ADVANCES | R E S EARCH ART I C L E



of hypothermia (P < 0.0001 at day 12 between 0 hours/day and all
durations of hypothermia across all lines; F98 at 16 hours/day
P = 0.0013) (Fig. 1C).

To assess cell viability after prolonged cytostatic hypothermia,
we used a Live-Dead assay (Fig. 1D) at predetermined time points
(7, 14, 21, and 28 days). In a separate assay, we monitored growth
after returning the cells to 37°C (Fig. 1E). All GBM lines demon-
strated a reduction in the Live:Dead ratio at their cytostatic temper-
atures (25°C for human lines and 20°C for F98), with T98G being
the most affected and F98 being the least affected (Fig. 1D). Simi-
larly, growth lagged after removal of 2 or 3 weeks of cytostatic hy-
pothermia in all lines except for F98. Growth lagged in all lines
(including F98) after 4 weeks, with significantly reduced well cov-
erage 7 days after returning to 37°C (Fig. 1E and table S1) (7 days
after 4 weeks versus 7 days after 0 weeks; U-87 MG, T98G, and LN-
229 P < 0.0001 and F98 P = 0.0246).

As we observed morphological changes under hypothermia (fig.
S1), we attempted to quantify these with the same custom imaging
assay assessing circularity and average size. Compared to cell circu-
larity after overnight incubation at 37°C (day 0), hypothermia sig-
nificantly increased U-87 MG and LN-229 circularity (fig. S2E and
table S2), while T98G remained unaffected. While F98 circularity
significantly decreased with hypothermia over time, it displayed sig-
nificantly greater circularity under 20°C compared to 25°C. Similar-
ly, prolonged hypothermia significantly reduced the average cell
size of U-87 MG and T98G (fig. S2F and table S3). F98 average
cell size increased under 25°C but not under its cytostatic temper-
ature of 20°C (fig. S2F and table S3).

Hypothermia arrests the cell cycle and reduces metabolism
and cytokine synthesis
To investigate the effects of cytostatic hypothermia on cellular activ-
ity, we assayed cell cycle, adenosine triphosphate (ATP) levels, me-
tabolite production/consumption, and cytokine production under
hypothermia. Cells grown for 3 days at 37°C were predominantly
in the G1 phase of the cell cycle (Fig. 2A). The application of 3 or
7 days of 25°C significantly shifted the portion of cells in G1 and S
phases to the G2 phase across all lines (Fig. 2A). Next, we quantified
intracellular ATP to investigate whether ATP production and con-
sumption ceased. Intracellular ATP was significantly reduced in
T98G but significantly increased in the remaining three lines
under 25°C hypothermia (Fig. 2B and table S4). Next, we assayed
medium glucose, lactate, glutamate, and glutamine at 0, 3, 7, and
14 days at 20°, 25°, 30°, and 37°C (Fig. 2C, fig. S3, and table S5).
To account for cell growth under noncytostatic conditions, the
data were normalized to tumor cell– occupied surface area using
our imaging assay (Fig. 2C). Results demonstrated that any degree
of hypothermia significantly reduced metabolite production and
consumption. F98 glutamate production per unit cell area was not
significantly different on day 3 (Fig. 2C) but remained low under
20°C (fig. S3D). Similarly, expression of inflammatory cytokines in-
terleukin-6 (IL-6) and IL-8 from human GBM lines was signifi-
cantly lower after 6 or 10 days of hypothermia (Fig. 2D). A mild
but significant increase of both cytokines was observed after the
first 3 days of 25°C from T98G, but it subsided by day 6. We did
not detect expression of anti-inflammatory cytokines IL-4, IL-10,
or the inflammatory cytokine interferon-γ (IFN-γ) under any
condition.

Adjuvants can function with cytostatic hypothermia
in vitro
We next assessed whether cytostatic hypothermia would dampen
temozolomide (TMZ) chemotherapy or CAR T immunotherapy
in vitro. Human GBM lines received TMZ at one of three concen-
trations (0, 500, or 1000 μM) and at either 37° or 25°C followed by
medium replacement and incubation at 37°C (for details, see Mate-
rials and Methods). There were no significant differences of well
coverage on day 0 between 37° and 25°C for each cell line.
However, all three lines had reduced well coverage 12 days after
completion of treatment with 1000 μM TMZ compared to no
TMZ [dimethyl sulfoxide (DMSO) only] under 25°C (Fig. 3, A to
C). U-87 MG growth was significantly reduced on day 13 by com-
bined TMZ and hypothermia compared to TMZ alone (at 37°C)
(Fig. 3A) (37°C versus 25°C, 500 μM P = 0.0207 and 1000 μM
P = 0.0292). Growth of T98G, a TMZ-resistant line, was signifi-
cantly reduced by hypothermia alone and unaffected by 500 and
1000 μM TMZ alone (at 37°C) (Fig. 3B). However, the combination
of 500 or 1000 μM TMZ with 25°C hypothermia had significantly
delayed growth by day 13 (37°C versus 25°C, 500 μM TMZ
P < 0.0001 and 1000 μM TMZ P < 0.0001). Similarly, LN-229
growth was significantly reduced by both TMZ and hypothermia
individually, and the combination resulted in an enhanced effect
(Fig. 3C) (37°C versus 25°C, 500 μM TMZ P < 0.0001 and 1000
μM TMZ P < 0.0001).

As CAR T immunotherapies against GBM are under investiga-
tion (29), we assessed whether CAR T–induced cytotoxicity (of
EGFRvIII+ CT2A mouse glioma cells) was possible under cytostatic
hypothermia. CAR T cells were chosen over other immunotherapies
also as a proxy for plausible/best-case cellular immunological activ-
ity; if these did not function, there was little hope for other immu-
notherapies as all require immune cell functionality. We
hypothesized that CAR T function would be abrogated under hypo-
thermia. In the absence of CAR T cells, CT2A cell growth was in-
hibited by both 24 and 20 hours/day of 25°C hypothermia (Fig. 3D).
Expression of the chimeric antigen receptor on T cells enabled
killing of GFP+EGFRvIII+ CT2A cells and not GFP+EGFRvIII−
cells at 37°C (fig. S4A). With the addition of 10,000 CAR T cells
(5:1 ratio of T cell:tumor), EGFRvIII+ cells were eradicated within
24 hours at 37°C (Fig. 3E). Under 25°C hypothermia, 10,000 CAR T
cells significantly reduced the glioma cells to 25% of the original
count within 24 hours and to <10% by 96 hours. Reducing the hy-
pothermia dosage to 20 hours/day further reduced the remaining
tumor percentage (Fig. 3E). Reduced IFN-γ was detected in the
medium when immune-mediated killing took place under hypo-
thermia (Fig. 3F). Under hypothermia, adding a second dose of
CAR T cells after 24 hours brought the remaining tumor to <5%
of the original cell count (Fig. 3G). Pretreating CT2A cells with
25°C hypothermia for 4 to 7 days reduced their subsequent
growth rate at 37°C (Fig. 3H, left). However, this reduced their sus-
ceptibility to CAR T cells at 37°C (Fig. 3H, middle) and 25°C
(Fig. 3H, right).

While these results suggest that cytostatic hypothermia may
function with adjuvants in vitro, its potential in vivo requires opti-
mization and characterization, detailed in Discussion. Initial clini-
cal trials would evaluate cytostatic hypothermia efficacy alone in
recurrent and resistant GBMs (as a last resort). Thus, the in vivo
potential for concomitant hypothermia could be postponed as the
field matures and a patient-centric device is established.
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Hypothermia can be delivered in vivo and reduces GBM
tumor growth
Given that hypothermia of 20° to 25°C halted cell division in vitro
(Fig. 1A), we conceived a tool to deliver hypothermia in vivo to
demonstrate proof of concept for cytostatic hypothermia. Using
the finite-elementmethod, we computationally modeled local intra-
cranial hypothermia using parameters from prior studies (table S6)
(30–33), Pennes’ bio-heat equations, temperature-dependent blood
perfusion, and a previously modeled rat brain (34) (Fig. 4A and fig.
S5A). A single 1-mm-wide gold probe was modeled invaginating
into the brain with the goal of cooling a spherical volume of
tissue (representing either a bulk tumor or the extent of an infiltrat-
ing tumor) via a Peltier plate (Fig. 4B and fig. S5B). Initial brain per-
fusion was set at 0.019333 s−1. The simulation demonstrated that a
single probe creates a temperature gradient in the adjacent tissue
(Fig. 4B). With the probe brought to ~12°C, the periphery of a 1-
mm radius region reached 25°C (Fig. 4B) and reached >35°C within
4 mm (Fig. 4C, left). Cooling was greater across the x axis (of a
coronal plane) than down the z axis (Fig. 4C, left). The extent of
perfusion (ranging from 0.73 to 3.96 times brain perfusion) had a
small effect on cooling even a larger 1.5-mm radius spherical region
(Fig. 4C, middle). To achieve hypothermia in a 1.5-mm radius
region, 125 mW of heat pulled was sufficient to attain 25°C at the
periphery (Fig. 4C, right). Pulling 150 mW brought the probe to
below 0°C, but the tissue was at 15°C within 0.5 mm from the
probe (Fig. 4C, right). A time-dependent study using the models

suggested that pulling 100 to 125 mW can bring the maximum
tumor temperature to its target within 1 to 2 min (fig. S5C).

Next, to test cooling in vivo, we constructed an experimental
device that consists of a removable “Cooler” and an implantable
“Interface” (Fig. 4D and fig. S6). The Cooler uses an electrically
powered thermoelectric (Peltier) plate secured with thermal paste
between a copper plate (embedded in a polycarbonate base) and
an aluminum heat sink (Fig. 4E). A fan, attached above, enhances
convective heat transfer. The Interface attaches to the skull and has
an intratumoral gold needle soldered to a second copper element
and a thermistor wired to insulated brass screws (fig. S6, H and
I). The copper parts make contact to transfer heat from the Interface
to the Cooler (fig. S6L). This Cooler is powered through an external
power supply. Temperature is measured by the thermistor attached
to the Interface, with its wires connected to brass screws on the
Implant and steel shims on the base and connected to an external
voltage-divider circuit, Arduino, and a computer (fig. S7).

All rats were inoculated with F98 tumor cells, and tumor takewas
confirmed via T2-weighted magnetic resonance imaging (MRI) 1
week after. The following day, the Interface with a gold probe was
implanted (demonstrated in fig. S8, A and B). While mechanical
forces from the intratumoral probe could influence tumor growth,
this was always controlled for by using the same probe geometry in
treatment and control animals (35). The Cooler was attached next.
The rats were placed in and attached to a custom cage setup to
enable free movement (fig. S8, C to E) (36). Once switched on,
the device was able to bring tissue 1.5 mm from the surface of the

Fig. 2. Effects of hypothermia on tumor cell cycle, metabolism, and cytokine synthesis. (A) Percentage of cells in each stage of the cell cycle after 3 days of 37°C, 3
days of 25°C, or 7 days of 25°C (n = 3). (B) Amount of intracellular ATP from the tumor cell lines when grown for 3 days at 37°C, 3 days at 25°C, or 7 days at 25°C (n = 3).
Specific adjusted P values are provided in table S4. (C) Metabolite production or consumption per cell surface area across cell lines and temperatures after either 3 days of
37°C or 3 days of hypothermia (30°, 25°, and 20°C) (n = 3). (D) Concentration of cytokines (IL-6 and IL-8) collected in the medium at different time points and temperatures
(n = 3). All studies used two-way ANOVAs with post hoc Dunnett’s multiple comparisons test (*P < 0.05, **P < 0.01, ***P < 0.001, and #P < 0.0001). All graphs
show means ± SD.
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probe to 25°C (Fig. 4F). Devices did not consistently reach 20°C due
to inefficiencies of the heat-exchange mechanism. Interfaces em-
bedded with an MRI-compatible thermistor enabled F98 tumor
growth assessment via MRI under normothermia (device off ) and
hypothermia (device on) (Fig. 4G). MRI image analysis revealed a
significant difference in tumor volume growth at 1 week under hy-
pothermia versus tumors at normothermia (Fig. 4H). Because of
high failure rates of the MRI-compatible thermistor, subsequent
studies used anMRI-incompatible thermistor with tighter tolerance
and greater reliability. These preliminary studies demonstrated that
in vivo local cytostatic hypothermia was both possible and plausibly
effective.

Cytostatic hypothermia extends survival of rodents with
GBM in two models
As local hypothermia reduced in vivo tumor growth rate in prelim-
inary imaging studies, we investigated its effect on animal survival.
In a model with the aggressive F98 line in Fischer rats, we investi-
gated whether survival would increase despite being unable to reach
cytostatic temperature for F98 (20°C). After confirmation of tumor
take with green fluorescent protein–positive (GFP+) F98 cells (fig.
S9A), Interface implantation (example in fig. S8B), and Cooler at-
tachment, rats were randomly assigned to two groups. One group
(n = 9) had their devices switched on to deliver hypothermia,
while the other groups’ devices (n = 9) remained off. Of the rats

receiving hypothermia, only two reached near or below 20°C (1.5
mm from the probe; fig. S9B), the cytostatic temperature observed
for F98 cells. All rats not receiving hypothermia required euthanasia
with a median time of 3.9 weeks (Fig. 5A). After a short phase of
recovery from surgery, rats receiving hypothermia did not exhibit
obvious signs of weakness or distress, maintained an appetite, and
gained weight (movies S1 and S2 and fig. S9C). In 3 of 450+ occa-
sions of switching the devices on (after weighing and maintenance
of rats), a seizure was observed that abated by turning off the device
and did not recur when hypothermia was gradually resumed over a
few minutes. With successful application of hypothermia, the
median survival for six (of nine) rats was extended to 9.7 weeks
(Fig. 5A). The Interface of one rat dislodged prematurely at week
7, and the point was censored. The remaining two rats survived
the full 12-week study period; these were also the ones in which cy-
tostatic hypothermia was achieved (fig. S9B). Thus, the application
of hypothermia significantly increased survival (P < 0.0001) com-
pared to the normothermia group.

Histology of rats receiving normothermia demonstrated large
tumors with leptomeningeal infiltration, tumor-intrinsic necrosis
and apoptosis, high Ki-67 activity, and peritumoral and ipsilateral
gliosis (indentified by glial fibrillary acidic protein positivity,
GFAP+) (Fig. 5B, fig. S10, and tables S7 and S8). With hypothermia,
all rats showed necrosis immediately around the probe, with asso-
ciated inflammation consisting of CD45+ mononuclear

Fig. 3. Use of cytostatic hypothermia with chemotherapy and CAR T immunotherapy. (A to C) Growth curves of U-87 MG, T98G, and LN-229 at 37°C with or without
TMZ (DMSO only or 500 and 1000 μM TMZ) and either after or without hypothermia. Red line represents growth with concomitant TMZ chemotherapy from days 0 to 4 at
37°C and subsequent growth in fresh medium. Purple line represents growth at 37°C in fresh medium after completion of TMZ and 25°C hypothermia treatment (n = 8).
Statistical significance determined via two-way ANOVAwith Sidak’s post hoc test. (D and E) GFP+EGFRvIII+ CT2A tumor cells remaining after treatment without (D) and
with 10,000 CAR T cells (E) under normothermia, or continuous or intermittent hypothermia (20 hours/day) (n = 4). Representative images of remaining tumor cells at day
4 after beginning treatment. White scale bars, 1000 μm. (F) IFN-γ quantification from the medium with EGFRvIII+ CT2A cells and CAR T cells. One-way ANOVA with
Dunnett’s post hoc test demonstrated a significant difference (P < 0.0001) between the 37°C and each of the 25°C groups. (G) Remaining CT2A cells with higher or
multiple CAR T cell dosage over 2 days under 25°C hypothermia. (H) Remaining CT2A cells after pretreatment with 25°C hypothermia for 0, 4, or 7 days, followed by
addition of 0 or 10,000 CAR T cells, and plate moved to either 37°C (left and middle) or 25°C (right). All graphs show means ± SD.
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inflammatory cells and neutrophils (fig. S10F and table S7). Non-
neoplastic brain tissue, at the border of the lesions, showed no neu-
ronal loss or parenchymal destruction: NeuN and GFAP expression
were always intact (fig. S10, A to D, and table S7). GFAP demon-
strated reactive perilesional gliosis with varied extents of ipsilateral
gliosis and normal patterns of glial expression elsewhere in the
brain. Thus, there was no evident difference in the extent of perile-
sional gliosis under normothermic and hypothermic conditions.
The six rats receiving 25°C hypothermia had tumors adjacent to
the region of hypothermia (Fig. 5C and table S7). The two rats re-
ceiving 20°C (survivors) did not demonstrate a mass (Fig. 5D). They
did have a few nonproliferative (Ki-67−) GFP+ cells (fig. S9, D and
E) or a rim of viable tumor (table S7).

Next, we assessed cytostatic hypothermia on human U-87 MG
inoculated in RNU rats. After confirmation of tumor take (fig.
S11A), Interface implantation (fig. S8B), and Cooler attachment,
six rats had their device switched on and five were kept off (rats
were randomly assigned to each group). The devices of four treat-
ment rats reliably delivered 25°C hypothermia (fig. S11B), the cyto-
static temperature observed for U-87 MG. The thermistors of two
rats failed early, and treatment of one may not have been reliably
delivered (“N06”). All rats receiving normothermia required eutha-
nasia with a median time of 3 weeks (Fig. 6A). As described previ-
ously, all rats undergoing treatment did not demonstrate signs of
distress while receiving hypothermia, had a strong appetite, and
gained weight (movies S1 and S2 and fig. S11C). RNU rats were
more social and active than Fischer rats, and this persisted despite

hypothermia. Because of this, their devices and cables required fre-
quent maintenance and replacement with intermittent failures.
Eventually, Interface implants started to break off by the seventh
week, points were censored, and the study was terminated at 9
weeks (Fig. 6A). We attempted reimplantation in two rats (includ-
ing N06), but this resulted in complications and days without treat-
ment and the rats were censored. None of the rats in the
hypothermia arm met euthanasia criteria within the study period
(Fig. 6A), demonstrating a significant increase in survival
(P = 0.0007). Histology demonstrated that rats not receiving hypo-
thermia had large tumors with at least some tumor-intrinsic necro-
sis (Fig. 6B, fig. S12, and tables S7 and S8). The hypothermia rats
again demonstrated necrosis with inflammatory cells immediately
around the probe and intact NeuN and GFAP staining in the
non-neoplastic tissue at the boundary of the lesion with brain pa-
renchyma (fig. S12, A to D, and tables S7 and S8). In the rats receiv-
ing reimplantation (and the absence of treatment for a few days), a
tumor mass and the presence of blood were visible (Fig. 6C and
table S8). The remaining four hypothermia rats did not exhibit
any definitive tumor away from the probe region (Fig. 6D and
table S7). Together, these in vivo F98 and U-87 MG studies
suggest that delivery of hypothermia, especially cytostatic hypother-
mia, can prolong survival.

Fig. 4. Finite-element analysis and device testing for cytostatic hypothermia delivery. (A) Left: 3D model of rat brain with a probe and subcortical spherical tumor.
Right: Finite-element simulation of temperature on the brain surface. (B) Slice and magnified inset from finite-element model of rat brain with local hypothermia. (C)
Finite-element analysis of hypothermia varying parameters. Center of tumor and probe lie at x = 0. Gold bar indicates surface of gold cooling probe. Red bar indicates
surface of tumor. Blue bars and box show cytostatic range of temperature. Left: Extent of cooling of a 1-mm radius tumor from the nearest probe surface in the x axis
(black) versus z axis (gray) of a coronal plane. Middle: Varying tumor (1.5-mm radius) perfusion relative to brain perfusion (0.73×, black to 3.96×, gray). Right: Varying heat
energy withdrawal on cooling a 1.5-mm radius tumor. (D) Image of thermoelectric cooling device with lower Interface for tissue contact and an upper, removable Cooler.
(E) Exploded 3D render of thermoelectric device. (F) In vivo temperaturemeasurement from the thermistor of the Interface, 1.5mm from the probe. (G) Representative T2-
weighted MR images of F98 tumor growth on days 0 and 7 in the brains of Fischer rats. Red bar indicates that device was off (normothermia) between images, and blue
bar indicates that device was on (hypothermia). White arrowheads indicate tumor boundaries. p, probe. (H) F98 tumor volumemeasured via MRI and normalized to day 0
(n = 3). Each line represents one rat. Mixed-effects analysis was conducted to compare the groups.
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DISCUSSION
These studies demonstrate the potential of hypothermia for pre-
venting tumor growth. Through regimented in vitro studies, we
defined a window of growth-halting temperatures, assessed their
effects on cells, and explored strategic intermittent timelines to
improve implementation logistics. In vitro studies also indicated
that adjuvants may function with hypothermia but require extensive
characterization for in vivo applicability. We computationally
modeled hypothermia delivery and fabricated experimental
devices to administer and monitor intracranial hypothermia, in-
cluding one that was MRI compatible. In two rodent models of
GBM, hypothermia extended survival while letting the animals
behave normally and eat and move freely (Figs. 5 and 6 and
movies S1 and S2). We suggest that the range of safe but growth-
halting temperatures we term cytostatic hypothermia carries trans-
lational advantages and could one day be an option for patients.

We established cytostatic temperatures ranging from 20° to 25°C
(Figs. 1B and 3D) for five glioma cell lines and observed multiple
biochemical changes. Our work expands upon and validates find-
ings, suggesting that mild hypothermia can reduce cell division
(14, 23–27). This evidence is substantial, and future studies with
more patient-derived lines can investigate the breadth of cytostatic
degrees of temperature while simultaneously exploring mechanistic
differences. In addition, we observed that intermittent hypother-
mia, especially after an induction dose, could be equally effective
(Fig. 1C). Future studies could evaluate the mechanism of induc-
tion, but it may be a matter of cells arresting in the G2 phase
(Fig. 2A) and intermittent normothermia not providing enough
energy or time to complete division. With prolonged hypothermia,
and cell cycle arrest, a decrease in viability was apparent, with T98G
being the most sensitive (Fig. 1, D and E). Decreased viability may
not be ideal as healthy cells, although more resilient to hypothermia

compared to temperature-sensitive p53-mutant cells (24, 37), may
die too. Potential mechanisms include Na+ or Ca2+ accumulation or
increased aquaporin-4 expression (38–40) with cell swelling. To cir-
cumvent these effects, intermittent hypothermia could be equally
cytostatic (Fig. 1C) but potentially less cytotoxic. Intriguingly, we
discovered that F98 cells required 20°C hypothermia to halt division
(Fig. 1B), and this was witnessed in its morphology (fig. S2, E and F)
while it retained viability (Fig. 1D). A mechanistic cause was not
elucidated, but deeper metabolomic or transcriptomic analyses
(41) could help. Our brief examination of cytokine and metabolite
production and consumption demonstrated reduced activity at all
degrees of hypothermia as anticipated. However, as in a study of hy-
pothermia for organ transplant preservation, accumulating ATP in
most lines (Fig. 2B) also suggests that one process (e.g., consump-
tion) can be more affected than the other (e.g., production) (42).
Cytostatic hypothermia could nevertheless be an alternate approach
to pharmaceutical and dietary efforts to starve tumors of resources
by reducing glucose consumption and lactate production (43–45).
Similarly, as glutamate is known to have a role in glioma growth
(46), and inflammatory cytokines IL-6 and IL-8 (Fig. 2C) are
strongly associated with GBM invasiveness (47), reducing their pro-
duction might be beneficial. Thus, hypothermia can be cytostatic
and has broad effects on multiple cellular pathways simultaneously.

Our preliminary examination of hypothermiawith TMZ chemo-
therapy (Fig. 3, A to C) and CAR T immunotherapy in vitro sug-
gested that concomitant hypothermia may be a future strategy.
Literature suggests that hypothermia can facilitate radiotherapy as
well (48). We observed that TMZ and cytostatic hypothermia to-
gether reduced the growth of all three cell lines tested. This includes
T98G cells that are typically TMZ resistant due to the enzyme
MGMT (49). This synergy needs to be studied but could be due
to increased hydrolysis of TMZ to its active ion, reduced MGMT

Fig. 5. Delivery of local cytostatic hypothermia in Fischer rats inoculatedwith F98 GBM. (A) Kaplan-Meier survival plot of rats with the device switched off (red, n = 9)
or switched on to deliver hypothermia (blue, n = 9). Gray bars indicate censored rats. Black triangle indicates the start of hypothermia treatment. Groups were compared
with the log-rank Mantel-Cox test. Median survival was calculated for nine rats in the normothermia group and six rats in the hypothermia group. Statistics are for all rats.
(B to D) Coronal brain sections stained with hematoxylin and eosin (H&E; top) and immunohistochemical markers, 4′,6-diamidino-2-phenylindole (DAPI), GFP, and NeuN
(IHC; bottom) to showextent of tumor. Gray andwhite scale bars, 2.5mm. (B) Representative section from a rat in the normothermia group. (C) Representative from a rat in
the hypothermia groups in which tumor progressed and rat reached euthanasia criteria. Tumor visible in the z direction from probe (D). Representative section from a rat
in the hypothermia group that survived through the study period.
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expression, or compromising effects of hypothermia. T98G and LN-
229, both with p53 mutations, were affected more than U-87MG by
the combination, suggesting another plausible mechanism (24, 50).
On the immunotherapy front, as anticipated from whole-body hy-
pothermia studies (51), hypothermia reduced IFN-γ production
(Fig. 3F) and immune-mediated killing (Fig. 3E). However, al-
though it took 4 days, CAR T cells still eradicated most glioma
cells under cytostatic hypothermia (Fig. 3E). Intermittent hypother-
mia improved this efficacy (Fig. 3E), which suggests that future par-
adigms could apply cytostatic hypothermia between normothermic
CAR T treatments. However, multiple caveats and limitations
remain to be explored. The three human lines all had different re-
sponses to TMZ + hypothermia. For in vivo intervention, the effect
of hypothermia on vasoconstriction and intravenous drug or cell
delivery needs to be studied. Local delivery could be attempted
but necessitates designing the device to enable injections. Critically,
however, initial clinical trials will likely be conducted only on recur-
rent and resistant GBMs (after standard of care) and using only cy-
tostatic hypothermia as a last resort. Thus, the in vivo potential for
concomitant hypothermia would be relevant once the field matures,
therapeutic and biological mechanisms are better understood, and a
patient-centric device is established.

Fortunately, the literature and our studies present ample evi-
dence to suggest that cytostatic hypothermia alone is safe in the
brain. Intracerebral cryoprobes and cortical cooling devices in pri-
mates and patients have been safe to use (14, 16, 19, 21, 22). As we
found intact neurons and glia at 20° to 25°C, another study locally
cooling feline cortex down to 3°C, 2 hours/day, for 10 months dem-
onstrated neuronal preservation and minimal histological changes
(18). Cooling the feline visual cortex intermittently for >3 years also
demonstrated this, but also found that visual evoked potentials were
fully intact above 24°C and absent only below 20°C (19).

Fortuitously, our data demonstrated that all GBM lines halted at
20°C or above. Computational modeling also demonstrated that
brain perfusion kept cooling diffuse but relatively local to the
region of interest (Fig. 3C), which is also seen in the literature
(52). A minor reduction in neuronal activity could also have thera-
peutic advantages, given the recent discovery that inhibiting neuro-
glial electrical conduction reduces glioma growth (53, 54). On the
behavioral level, we observed that rats generally performed “nor-
mally”: They responded to stimuli, ate food, gained weight, and
moved freely (movies S1 and S2). In addition, while hypothermia
treatment exhibited tumor necrosis with leukocytic inflammation
in the immediate region of the probe, there was no evident paren-
chymal damage to the adjacent brain. Even at the boundary of the
lesion, no overt neuronal or glial loss was detected on immunostain-
ing for NeuN and GFAP, respectively (fig. S10, A to D, and table
S7). This provides in vivo evidence to support an in vitro study, sug-
gesting that hypothermia can selectively protect non-neoplastic cells
(24). There was no evidence of infarction, infection, or herniation,
and reactive gliosis was limited to the ipsilateral hemisphere with no
difference between treatment and controls (table S8). However,
adverse effects of hypothermia are still possible from reduced
neural firing and cellular swelling; these may be resolved by
gradual temperature adjustments, intermittent hypothermia, ad-
ministering molecular inhibitors (38–40), and plausibly the use of
adjuvants to reduce the total length of therapy. The extent of safety
and behavioral analysis with long-term treatment applied to func-
tional cortex remains to be studied. Such studies could investigate
subtle abnormalities and assess any plasticity-induced recovery over
time (55). As demonstrated in the literature and our in vivo studies,
compared to the adverse effects of surgery, chemotherapy, and ra-
diation, cytostatic hypothermia may be relatively benign.

Fig. 6. Delivery of local cytostatic hypothermia in RNU rats inoculated with human U-87MG. (A) Kaplan-Meier survival plot of rats with the device switched off (red,
n = 5) or switched on to deliver hypothermia (blue, n = 6). Gray bars indicate censored rats. Black triangle indicates start of hypothermia. Groups were compared with the
log-rank Mantel-Cox test. (B to D) Coronal brain sections stained with H&E (top) and IHC (bottom) to show extent of tumor. Gray and white scale bars, 2.5 mm. (B)
Representative sections from a rat in the normothermia group. (C) Representative sections from a rat in the hypothermia groups that had poor treatment management
or multiple device failures and grew a tumor in the z axis (n = 2). (D) Representative sections from a rat in the hypothermia group that did not grow a separate tumor mass
(n = 4) and survived the study period.

Enam et al., Sci. Adv. 8, eabq4882 (2022) 25 November 2022 8 of 13

SC I ENCE ADVANCES | R E S EARCH ART I C L E



Perhaps the most exciting finding from this work is that an ap-
proach based on a physical phenomenon extended the survival of
rodents bearing GBM. In these proof-of-concept studies, hypother-
miawas delivered to bring the periphery of a bulk tumor (U-87MG)
and one with leptomeningeal infiltration (56) (F98) to a cytostatic
temperature. Promisingly, all rats with tumors that were treated at
their cytostatic hypothermia (20°C for F98 and 25°C for U-87 MG)
entirely survived the study period. Rats that demonstrated tumor
growth due to insufficient treatment showed this growth deep to
the probe tip (Figs. 4C and 5C). This corroborates our computation-
al analyses, suggesting that cooling was less effective in the z axis
(Fig. 4C). Fortunately, this problem can be resolved with improved
device engineering and is not a biological limitation. Future studies
could assess additional patient-derived xenograft models; however,
our studies and the literature suggest that our observed effects may
not be very cell specific. Ultimately, cytostatic hypothermia leverag-
es fundamental physics that influences biology broadly. Thus, the
effects observed in rats hold better translational promise in larger
species (e.g., pigs and humans) compared to conventional
species-specific targeted and molecular therapies.

A remaining translational task is the development of a patient-
centric cytostatic hypothermia device, iterations of which our team
has begun designing and patented (57). Permanent neural implants
have been clinically available for multiple neurological disorders for
years (58). Simultaneously, an FDA-approved device for GBM now
exists (worn on the scalp, powered by a backpack battery, and
applies tumor-treating fields) (8). This is despite its mild benefit
on survival in patients (8) and in rats (5.8 ± 2.7 weeks median
and 10% total survival) (59). To induce hypothermia, heat must
be transported out of the tissue. In the mid-20th century, this was
attempted through a cryoprobe tethered to an external refrigerator
(14). Today, variations of this approach exist, some of which use
Peltier plates (19, 21, 52, 60–62). However, current approaches
use percutaneous and external device components for heat
removal; these increase infection susceptibility (in patients that
may be immunocompromised). Similarly, to prove the concept of
cytostatic hypothermia in our rodent studies, our tool used an ex-
ternal heat sink and fan. However, a patient-centric device would
need to be fully implantable; one such iteration incorporates a
more efficient fluid-based method of heat transfer while leveraging
skin as a large heat sink (Fig. 7). To enable MRI compatibility for
regular tumor monitoring, a piezoelectric or electromagnetic pump
would move the fluid. Alternatively, perhaps biocompatible heat ex-
changers could be used in the future (63). At the intracranial Inter-
face, the rodent studies used a single probe; this was effective, but
per the computational analyses (Fig. 4B), it created a temperature
gradient. At a larger scale, this gradient could steepen to the point
of tissue ablation around the probe. Instead, a multiprobe strategy
may deliver cytostatic hypothermia homogeneously in a larger
volume of tissue with minimal tissue displacement (Fig. 7, inset).
However, these designs require computational studies with robust
validation. Implantation and design strategies must also consider
the bed and potential cerebrospinal fluid cavity after surgical
tumor resection. Once a device is implanted, numerous treatment
strategies could be explored including lifelong, concomitant, or in-
termittent hypothermia [as tumors grow more slowly in vivo (64), a
therapeutic device may need less than 18 hours/day; Fig. 1C]. While
the tool we engineered can demonstrate the potential of cytostatic

hypothermia, developing a patient-centric device may not be
too far.

Through these studies, we have provided evidence for the utility
of cytostatic hypothermia to slow GBM growth and have demon-
strated proof of concept in vivo. The data, indicating that it affects
multiple cellular pathways simultaneously and slows cell division,
suggest that the opportunities for tumor evolution could be
reduced and the likelihood of translating to larger species is more
likely. In addition, our preliminary computational and in vivo
studies, in conjunction with our designs and the field of neural in-
terfaces, make a patient-centric device within reach. As for the
biology of cytostatic hypothermia, the field is open with multiple
questions and mechanisms that can justify further studies [includ-
ing those of noncerebral organs (23–27)]. Cytostatic hypothermia
thus represents a novel approach to cancer therapy and that could
serve as an addition to the few options patients with GBM current-
ly have.

MATERIALS AND METHODS
Cell culture
All cell lines (U-87 MG, T98G, LN-229, F98, and CT2A) were pur-
chased from either the American Type Culture Collection (ATCC)
or the Cell Culture Facility at Duke. To simplify culturing and pas-
saging, all cells were progressively adapted to a unified medium:
Dulbecco’s Modified Eagle’s Medium (DMEM; Corning, 10-013-
CV) + Non-essential Amino Acids (NEAA; Gibco) + 10% fetal
bovine serum (FBS; Gemini Bio). For metabolite assays, DMEM
(Corning, 17-207-CV) was supplemented with 5 mM glucose
(Gibco), 2 mM glutamine (Gibco), 1 mM Na+ pyruvate (Gibco),
and 10% dialyzed FBS (Gemini Bio, 100-108). These media might
affect growth rates for individual lines, and thus, future studies may
scrutinize growth under different medium formulations under cy-
tostatic hypothermia. Cell lines were passaged twice after thawing
for recovery and then used within five passages for all experiments.
To dislodge cells, 0.05% trypsin (Corning, 25-052) was used for U-
87MG and F98, while 0.25% trypsin (Corning, 25-053) was used for
LN-229 and T98G. Cells were counted using an automated cell
counter (Countess II, Invitrogen) calibrated to manual cell counts
for each cell line. Cells were plated at a density ranging from 1000 to
20,000 cells per well in clear-bottom 96-well plates (Falcon, 353219)
depending on the desired confluence at the start of the assay. Plated
cells were always incubated overnight at 37°C to ensure adherence
before any experiment. A HeraCell CO2 incubator was used for all
experiments at 5% CO2 and set at 37°, 30°, 25°, or 20°C. The
medium was carefully replaced every 2 to 4 days. To prevent
losing cells from plates, multichannel pipettes were used to
suction the medium instead of a vacuum.

Imaging and analysis
Imaging was performed on a live-cell microscope (DMi8, Leica Mi-
crosystems) with a built-in incubator and CO2 regulator. Well plate
dimensions were added to the microscope software (LASX) to
enable tile scanning. Images were taken at 5× with a 2 × 2 field
with 25% overlap in 96-well plates. For lengthy imaging periods
(>10 min per plate), the incubator and CO2 regulator were used.
For analysis, images were merged without stitching as low cell
counts prevented accurate automatic stitching. Images were then
analyzed through a custom automated ImageJ script to quantify
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the area coverage of a well plate. To obtain cell morphology (circu-
larity and average size), the script was modified to analyze single
cells. For fluorescent live/dead cell detection, an EarlyTox Live/
Dead Assay kit was used (Molecular Devices) and the microplate
was imaged with a laser and GFP and TXR filters. For immunother-
apy experiments, images were taken at 10× with a 4 × 4 field and a
laser through a GFP filter. The ImageJ script was modified to count
the number of GFP+ cells. All analyzed images were then processed
through custom Python scripts to organize the data for analysis.

Molecular assays
Cell cycle analyses were conducted with a Propidium Iodide Flow
Cytometry kit (ab139418, Abcam). Samples were run on a flow cy-
tometer (Novocyte 2060, ACEA Biosciences). Data were analyzed
on FlowJo v10.7.

Intracellular ATP was detected from homogenized cells via a Lu-
minescent ATP Detection Assay kit (ab113849, Abcam). Lumines-
cence was detected in a microplate reader (SpectraMax i3x,
Molecular Devices).

Metabolites were detected from the medium through lumines-
cence-based assays. Cells were grown in four plates with the modi-
fied medium at 37°C overnight, and then the medium was replaced.
All plates were then left for 3 days at 37°C, after which the medium
was collected and stored at −80°C from one plate and replaced in
the others. Three plates were then moved to 30°, 25°, or 20°C.
The medium was collected, stored at −80°C, and replaced every 3
days. Images were taken in a live-cell microscope before collecting
themedium. Glucose consumption (Glucose-Glo, J6021, Promega),
lactate production (Lactate-Glo, J5021, Promega), glutamine con-
sumption (Glutamine/Glutamate-Glo, J8021, Promega), and gluta-
mate production (Glutamate-Glo, J7021, Promega) were assayed
from diluted samples. Luminescence was detected in the microplate
reader and calibrated to a standard curve of each metabolite. Data

were normalized to well coverage area quantified from images and a
custom ImageJ macro.

For cytokine analysis, cells were seeded in 24-well plates at dif-
ferent densities for the 37° and 25°C plates to reach similar conflu-
ence at the time of the assay. All plates were incubated overnight at
37°C and then incubated for 3 days at their respective temperature.
Themediumwas then collected and stored at−80°C from one plate.
The medium in the remaining plates were replaced, and the plates
were moved to 25°C. The medium was then collected, stored, and
replaced every 3 to 4 days. Cytokines were detected from medium
samples with a custom multiplex enzyme-linked immunosorbent
assay (ELISA) kit (LEGENDplex, BioLegend) and our flow cytom-
eter (Novocyte 2060).

Adjuvant studies
Chemotherapy
TMZ (Sigma-Aldrich) was dissolved in DMSO at 20 mg/ml and
stored at −20°C in aliquots. Aliquots were used within 2 months.
For these assays, cell lines were grown in the microplate overnight
and then either kept at 37°C or moved to 25°C. TMZ at one of three
doses (0, 500, or 1000 μM) was added to the 37°C plate and incu-
bated for 4 days. The 0 μMTMZ dose consists of DMSO at an equiv-
alent concentration to that in the 1000 μM TMZ group. The 25°C
plate was first incubated for 2 days at 25°C (cytostatic for the three
lines), then TMZ was added at one of the three doses, and the plate
was then further incubated at 25°C for 4 days. After 4 days of TMZ
treatment, the medium was completely replaced in both plates, and
the plates were moved back to 37°C with daily imaging in a live-cell
microscope. The line graphs of Fig. 3 (A to C) are overlaid to be able
to easily compare TMZ treatment at 37°C versus TMZ treatment
at 25°C.

Fig. 7. Conceptual model of a translational device to deliver cytostatic hypothermia for GBM. Representative diagram of a patient with GBM implanted with an
envisioned cytostatic hypothermia systemwith zoomed inset of device (right). The envisioned system consists of an intracranial device consisting of a multiprobe array in
conjunction with a cooling Peltier plate and a water block. An implanted, nonlocal, nonmagnetic pump facilitates water flow through tunneled, subcutaneous tubing to
carry heat away from the hot side of the Peltier plate and distribute it to the surrounding skin via the tubing and a subcutaneous heat sink. Inset shows a slice of the cranial
cavity after tumor resection with a hypothetical cytostatic hypothermia device and the remaining nonresectable tumor cells. A multiprobe array is envisioned to facilitate
homogeneous cooling at the site of possible tumor recurrence.
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Immunotherapy
Briefly, using a previously described protocol (65), CAR T cells were
generated by harvesting splenocytes from mice and transducing
them with a retrovirus that induces CAR T expression specifically
targeting EGFRvIII on CT2A tumor cells. CAR T cells were
stored in liquid nitrogen 4 days after transduction. All experiments
used CAR T cells 5 to 7 days after transduction. For immune killing
assays, 2000 EGFRvIII+ GFP+ CT2A cells were grown per well over-
night in modified DMEM as described previously. In pretreatment
studies, these plates were incubated for 4 or 7 days at 25°C. For ex-
periments, different dosages of CAR T cells were added the follow-
ing day with phenol red–free RPMI medium, and microplates were
incubated at either 37° or 25°C. Microplates were imaged at regular
intervals as described previously. The number of GFP+ cells was
quantified through an ImageJ macro.

Device fabrication
Device design and manufacturing were done in collaboration with
the Pratt Bio-Medical Machine Shop at Duke University. Designs
were developed on MasterCam and Fusion360 (fig. S6). Most ma-
terials and parts were obtained through McMaster or vendors such
as Digi-Key, Newark Element, Mouser, or Amazon. All components
and manufacturing/fabrication methods are described in Supple-
mentary Materials and Methods.

Caging and treatment setup
To enable the free movement of awake rats under treatment, a
custom caging and treatment setup was developed.
Cage and lever arm
Rat housing was constructed by flipping 22-quart plastic containers
(Cambro), which were made hollow by sawing off the closed end.
They were then sealed onto 1/4″ × 15″ × 15″ acrylic sheets (TAP Plas-
tics) with cement for plastic (7515A11, McMaster). Parts were 3D-
printed to hold a water bottle and a lever arm. The two-axis lever
arm consisted of 3D-printed parts holding 1/4″ steel rods (McMas-
ter) and a custom-made counterweight.
Electrical/treatment
Patch cables were made with male connectors (GHR-06V-S, JST
Sales America) on either end of 12″ jumper cables
(AGHGH28K305, JST Sales America). These were protected by a
spring (9665K84, McMaster), and the joints were strengthened
with epoxy and hot glue. A slipring (736, Adafruit Industries), to
enable free rotation, had a female connector soldered and epoxied
to an end hovering inside the cage. The patch cable connected the
slipring to the Cooler.

Outside the cage, a variable voltage power supply (HM305, Han-
matek) was connected to the slipring with alligator clips. Each one
powered the Peltier plate in one Cooler. USB 5V adapter towers
(Amazon) were used to power the fans of multiple Coolers and con-
nected with a USB jack on one end and alligator clips to the slipring
on the other. Arduinos (Uno Rev 3, Arduino) connected to a laptop
(through USB adapter towers) were connected to sliprings through
a voltage-divider circuit on a breadboard and alligator clips. One
Arduino was used per device for temperature monitoring.

Animals
All animal procedures were approved by the Duke Institutional
Animal Care and Use Committee (IACUC). Fischer (CDF) and
nude (RNU) rats were purchased from Charles River at 7 to 9

weeks of age. All procedures began at 8 to 10 weeks of age.
Tumor inoculation, device implantation, Cooler attachment, mon-
itoring and maintenance, and euthanasia are described in detail in
Supplementary Materials and Methods.

Magnetic resonance imaging
All MRI was performed in the Center for In Vivo Microscopy
(CIVM) at Duke University. For images after implantation, the
Cooler was unscrewed and removed from the Interface under anes-
thesia. Rats were positioned on a custom 3D-printed bed, and eye
gel and ear covers were applied. The rats were imaged in a Bruker
BioSpin 7T MRI machine (Bruker, Billerica, MA) with a four-
element rat brain surface coil. T1-weighted FLASH (TE/TR = 4.5/
900 ms; flip angle = 30°; three averages) and T2-weighted TurboR-
ARE (TE/TR = 45/8000ms; RARE factor of 8; two to three averages)
axial images were acquired at a resolution of 100-μm in-plane and
slice thickness of 500 μm. During all protocols, breathing was mon-
itored via telemetry. Animal body temperature was maintained with
warm air circulation in the bore of the magnet. Upon completion, if
an Interface was present, the Cooler was reattached with thermal
paste applied between the copper contacts. T2-weighted images
were analyzed on 3D Slicer v4.10.2 (www.slicer.org) with assistance
of animal imaging experts at the CIVM for tumor take confirmation
and volume quantification. Volume analysis was conducted by
manually tracing tumor boundaries on each MR slice, and
volume was computed by the software.

Histology
Brains were cryo-sectioned into 12-μm slices and collected on
Superfrost+ slides, and the slides were stored at −20°C. Some
slides were stained with hematoxylin and eosin (H&E) and
imaged under our microscope with a color filter. Other slides
were stained with immunohistochemistry (IHC) markers (from
Abcam) and imaged under our microscope with fluorescent
lasers. These included mouse anti-GFP (ab1218), mouse anti-
human Ku80 (ab119935), rabbit anti-rat NeuN (ab177487),
chicken anti-rat GFAP (ab4674), rabbit anti-rat CD45 (ab10558),
rabbit anti–Ki-67 (ab16667), and rabbit anti-rat/human cleaved
caspase-3 (ab49822). Secondary antibodies included goat anti-
mouse Alexa Fluor 488 (ab150113), goat anti-rabbit Alexa Fluor
594 (ab150080), and goat anti-chicken Cy5.5 (ab97148). Briefly,
slides were washed with phosphate-buffered saline (PBS) and
0.5% Triton X-100, blocked with 4% goat serum for 2 hours, fol-
lowed by staining with primary antibodies diluted in 1% bovine
serum albumin (BSA), overnight at 4°C. Secondary-only controls
did not receive any primary antibody. The next day, slides were
washed with PBS, stained with secondary antibodies diluted in
1% BSA for 2 hours, counterstained with 4′,6-diamidino-2-phenyl-
indole (DAPI) for 15 min, washed and coverslipped with Fluoro-
mount G (Southern Biotech), and left to dry overnight at room
temperature. The subsequent day, nail polish was applied to the
edges of the slides and then they were stored in boxes at room
temperature.

Histological images were acquired by either a color camera (for
H&E) or a fluorescence camera (for IHC) attached to the DMi8 mi-
croscope previously described. Whole-section tile-scanned images
were taken at 10× zoom with 25% overlap and automatically
stitched. Care was taken to ensure that imaging for any stain
group was conducted in a single sitting. Images were then processed
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via a custom ImageJ script to create composites with suppressed
background signal. The final images and H&E slides were then in-
dependently analyzed by an expert neuropathologist who was
blinded to the experimental conditions.

Computational modeling
Modeling was performed on COMSOL v5.2 to study heat transfer
between the probe and surrounding tissue via the finite element
method. Both the steady-state temperature and transient effects of
initiating and stopping cooling were studied. The geometry of the
model consisted of a rat brain model containing a spherical volume
of tissue (which could be interpreted as both a bulk tumor or the
extent of a small, infiltrating tumor) and gold probe. The rat
brain model, acquired from the literature (34), was generated
fromMRI data and smoothened to reduce anatomical indentations.
The probe was modeled as a cylinder with a diameter of 1 mm and
height of 2.5 mm with a 45° chamfer at the tip. The tip of the probe
was embedded in the tumor that was modeled as a sphere with di-
ameters of 2 and 3 mm. Heat transfer was modeled with the Pennes’
bioheat equation. A negative heat flux was applied to the top face of
the probe to cool the probe. All other outer surfaces were fully in-
sulated with zero heat flux.

All tissues and materials used in the model were assumed to be
homogeneous and isotropic—features such as brain blood vessels
were not modeled. Multiple parameters used for the tissues, perfu-
sion, and materials were investigated (table S6). Original perfusion
values in units of ml/100 g/min were converted into s−1 using a
blood density of 1050 kg/m3.

The blood perfusion and metabolic heat generation parameters
were temperature dependent based on the following equations

blood perfusion ¼ initial blood perfusion � 2ðTemperature� 37Þ=10

metabolic rate ¼ initial metabolic rate � 3ðTemperature� 37Þ=10

Statistical analysis
All statistical analyses were performed on GraphPad Prism v9.0.2.
Error is expressed as SD. Where appropriate, one-way, repeated-
measures, and two-way analyses of variance (ANOVAs) were per-
formed with Dunnett’s multiple comparisons post hoc test unless
otherwise specified. Survival was analyzed with the log-rank
Mantel-Cox test. Significance was set to 0.05 for all studies.
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