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Hypothermia: Impact on plasticity 
following brain injury
Anna C. J. Kalisvaart, Brittany J. Prokop, Frederick Colbourne

Abstract:
Therapeutic hypothermia (TH) is a potent neuroprotectant against multiple forms of brain injury, but 
in some cases, prolonged cooling is needed. Such cooling protocols raise the risk that TH will directly 
or indirectly impact neuroplasticity, such as after global and focal cerebral ischemia or traumatic brain 
injury. TH, depending on the depth and duration, has the potential to broadly affect brain plasticity, 
especially given the spatial, temporal, and mechanistic overlap with the injury processes that cooling 
is used to treat. Here, we review the current experimental and clinical evidence to evaluate whether 
application of TH has any adverse or positive effects on postinjury plasticity. The limited available 
data suggest that mild TH does not appear to have any deleterious effect on neuroplasticity; however, 
we emphasize the need for additional high‑quality preclinical and clinical work in this area.
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Introduction

Th e r a p e u t i c  h y p o t h e r m i a  ( T H ) 
c o u n t e r a c t s  m a n y  d e l e t e r i o u s 

mechanisms of ischemic, hemorrhagic, 
hypoxic, and traumatic brain injuries, and 
there is considerable preclinical evidence 
that this leads to meaningful reductions in 
brain damage with concomitantly better 
recovery.[1] Although clinical evidence of 
efficacy is less impressive and sometimes 
contradictory, there is still much interest 
in the potential of TH.[2‑4] However, several 
problems must be resolved before that 
goal is fully realized. First, mechanisms 
of injury vary between diseases, which 
may necessitate different approaches and 
treatment parameters, such as depth, 
duration, and delay in order to get optimal 
neuroprotection. Second, side effects have 
long complicated the use of TH, both 
by reducing the potential benefits of TH 
and increasing the risk of poor outcomes. 
For example, cooling increases the risk 

of infection and can cause coagulopathy. 
These systemic complications have been 
extensively studied in an attempt to avoid 
them or find effective management strategies, 
thereby optimizing patient outcomes. For 
instance, using brain‑selective cooling can 
avoid many systemic complications.

Here, we review another potential side 
effect of TH – the possibility that TH will 
adversely affect neuroplasticity, thereby 
delaying or weakening the neurological and 
functional recovery. Such deleterious effects 
are possible with TH, especially given 
its broad‑spectrum effects, which could 
directly impact neural repair processes 
that spatially and temporally overlap with 
mechanisms of injury.[5‑7] For instance, 
neuronal metabolism is dampened by TH, 
which is advantageous for mitigating brain 
injury; however, this same mechanism may 
weaken neuroplastic changes that require 
heightened metabolic activity.[8,9] One can 
assume that the duration of TH affects this 
risk, with days of TH potentially having 
the greatest chance of impeding repair 
compared to very brief cooling. The same 
concerns apply to the depth and the method 
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of cooling. Nonetheless, even local application of mild 
TH may affect brain regions vital to neural repair (e.g., 
peri‑infarct cortex), with likely greater impact if deeper 
levels of cooling are achieved.

Despite these concerns, only a few of the TH efficacy 
studies done in animals have considered such risks. This 
review explores the literature on brain repair when TH 
has been applied following global and focal ischemia, 
hypoxic‑ischemic encephalopathy (HIE), intracerebral 
hemorrhage (ICH), and traumatic brain injury (TBI). 
No clinical studies have directly assessed whether 
TH impacts neuroplasticity, only whether cooling 
improves the final outcome or a specific mechanism of 
injury (e.g., raised intracranial pressure). Therefore, these 
studies do not exclude the possibility that TH may have 
had harmful effects on brain repair.

Method of Article Collection

Primary collection for articles reviewed here was 
found using the University of Alberta’s Library 
journal article search engine and Google Scholar. 
Main terms were used in a variety of combinations. 
These included “hypothermia,” “neuroplasticity,” 
“hibernation,” “neurogenesis,” “brain‑derived 
neurotrophic factor,” “plasticity,” “cooling,” “therapeutic 
cooling,” “therapeutic hypothermia,” “angiogenesis,” 
“synaptogenesis,” “neuronal sprouting,” “dendritic 
branching,” “BrdU,” “doublecortin,” “golgi stain,” and 
“targeted temperature management” in conjunction 
with the pathologies of interest, with English, full‑text, 
and peer‑reviewed being requirements. Following this, 
we explored references within these and other readings 
that were deemed applicable. We also identified articles 
from our knowledge of this research area.

Hypothermia and Neuroprotection

A review of the mechanisms of injury and the means 
by which cooling mitigates injury for ischemic, 
hemorrhagic, and traumatic injury is beyond the 
scope of this review. Readers are referred to excellent 
reviews by Yenari and Han, Kurisu and Yenari, and 
Wassink et al.[10‑12] Cooling can impact all mechanisms 
of injury either directly or indirectly, depending on the 
treatment parameters used (depth, duration, etc.). For 
instance, TH has been shown to mitigate excitotoxicity, 
oxidative stress, blood–brain barrier breakdown, and 
inflammation, to name a few.[10‑12] Many of these are 
triggers and/or are essential for plasticity responses 
that are key to behavioral recovery. Thus, TH may 
directly impact repair by impeding such processes (e.g., 
glutamatergic neurotransmission).[13] Indirect effects are 
also expected. For example, a highly neuroprotective 
cooling protocol would likely diminish the need for 

repair. Alternatively, the rescue of tissue can promote 
or alter the spatial pattern or timing of neuroplasticity, 
such as by saving enough of a circuit to enable further 
repair.

Plasticity Following Brain Injury

Neuroplasticity refers to molecular and anatomical 
modifications that are driven as a result of aging, 
experiences, hormones, drugs, and disease or injury 
to the brain. The mechanisms that enact these plastic 
changes, such as synaptogenesis, neurogenesis, and 
angiogenesis, are anatomical alterations underwritten by 
various molecular processes and cascades (e.g., growth 
factors) that are subsequently shaped and refined by 
internal or external factors.[5,14‑17] Please refer to excellent 
reviews by Kolb and Gibb, Murphy and Corbett, and 
Carmichael for more comprehensive information on the 
mechanisms of plasticity.[5,18,19]

The extent of redundant connectivity within the 
central nervous system (CNS) provides a basis for 
reorganization and functional recovery following brain 
injury.[20] For example, imaging studies have established 
that corresponding contralesional brain regions are 
recruited to aid in behavioral recovery early after stroke. 
Later, as injury processes and inflammation resolves, 
there is a shift of recruitment to diffuse ipsilesional 
areas surrounding the site of injury, at least for some 
stroke patients, illustrating the progression of plastic 
processes.[21] Similarly, TBI patients demonstrate a wider 
cerebral activation pattern following their initial injury 
that gradually decreases in complexity as more efficient 
connections are made and recovery progresses.[22] 
These macroscopic changes are the result of a period 
of heightened synaptic malleability and neurogenesis 
following injury. Brain injury, especially stroke, induces 
peri‑injury axonal sprouting through both alterations 
in the cellular environment, including upregulation 
of growth factors and genetic modifications favoring 
neuronal growth.[21] These new axonal connections, along 
with unmasked latent connections, are strengthened 
and refined through Hebbian processes, resulting in 
greater functional recovery.[22] Use of TH in a variety 
of pathologies promotes neuroprotection and cellular 
sparing, possibly reducing the need for broad‑scale 
network recruitment while enabling restoration and 
retraining of salvaged tissue.

Effects of Hypothermia in Naïve Animals

There is substantial evidence that learning acquisition 
is heavily influenced by body temperature, with 
significant reductions in core temperature resulting in 
poor performance in serial problem‑solving tasks and 
spatial learning tasks, such as the Morris Water Maze.[23,24] 
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Thus, it is natural to presume that the plastic processes 
underlying cognitive tasks and motor skill learning 
are also affected by changes in core body temperature. 
Klahr et al. recently subjected naïve rats to mild focal TH 
treatment (30°C–31°C) in the hemisphere contralateral 
to the preferred paw for 5 days, followed by 5 days 
of normothermia, and measured learning acquisition 
during a skilled reaching task throughout the 10‑day 
treatment period.[25] They found no significant difference 
in learning acquisition rates between the TH and 
normothermic conditions, and subsequent histological 
analysis did not show any difference in dendritic 
complexity.[25] In this case, the cooling depth was mild, but 
clinically relevant, and it is fortunate that this dose had 
no obvious effects on plasticity or behavior. Presumably, 
by extending the duration of mild cooling, the risk to 
plasticity is higher. However, as demonstrated in stroke 
sham‑operated rats, application of mild focal TH to the 
motor cortex for 21 days at 32°C did not negatively affect 
subsequent behavior, dendritic morphology, or result in 
cortical injury.[26] Evidence from brain slice preparations 
suggests that mild hypothermia (30°C–36°C) maintains 
ionotropic glutamate receptor function due to the 
reduction in metabolic demand. However, deep 
hypothermia (below 18°C) results in suppression of 
long‑term potentiation (LTP), the neuroplastic process by 
which efficiency of synaptic transmission is upregulated 
via coincident bursts of high‑frequency stimulation 
between neurons.[13,27] Taken with the behavioral data, 
this suggests that mild TH for long durations is not 
inherently harmful to natural plastic processes; however, 
given the risk of impairing LTP, caution should be taken 
when cooling to greater depths or durations. In addition, 
these limited studies are in naïve animals, and they do 
not include the study of other pharmacological agents 
that are often given concurrently with TH, which may 
potentially impact plastic processes. Finally, to fully 
understand the effect TH has on plasticity, we must 
consider brain injuries such as TBI or stroke, as TH may 
potentially change the ability of the brain to regulate 
repair processes, and must be evaluated separately.

Global Ischemia

TH is one of the few neuroprotectants that has translated 
from preclinical work into clinical use for global 
ischemia (cardiac arrest). Namely, it was previously 
used to prevent brain damage during cardiac surgical 
procedures, and more recently has been used to improve 
both neurological and physical outcomes following 
sudden cardiac arrest.[28] Although there is abundant 
preclinical literature demonstrating the neuroprotective 
capacity of TH, the bulk of outcome measures are related 
to behavioral functional recovery and histological 
protection, with little to no mention of treatment effects 
on plasticity.[29]

Therapeutic cooling, when properly timed and dosed, is 
able to rescue diverse groups of neurons, such as those 
in the hippocampus and cortex following a period of 
global ischemia. This allows for improved cognitive 
performance on memory tasks.[30] Those rescued cells 
often appear to be largely healthy when cooling is 
prolonged, as seen with light and electron microscopy; 
however, this may not be necessarily true when cooling 
is brief or delayed following the initial insult.[31,32] 
Extracellular field recordings in acute hippocampal 
slices following global ischemia and TH in rats show that 
synaptic function and LTP are functionally sustained long 
after the initial insult, aiding in cognitive performance.[33] 
Correspondingly, following systemic TH, gerbils that 
sustained a brief global ischemic insult had no difference 
in CA1 neuron resting membrane potential, input 
resistance, or action potential quality compared to 
shams.[34] Considered together, this indicates that the 
rescued CA1 cells spared by TH both remain healthy and 
retain their electrophysiological function.[34] A number of 
studies have confirmed that specific molecules that are 
critically important to plasticity are preserved by cooling. 
For example, 24 h of TH (32°C) following bilateral carotid 
occlusion in gerbils prevented CA1 downregulation 
of ionotropic glutamate receptor 2 (GluR2) protein, a 
Ca2+‑impermeable subunit of the α‑amino‑3‑hydroxy‑5
‑methyl‑4‑isoxazole propionic acid (AMPAR) glutamate 
receptor.[35] The GluR2 subunit is important for the 
neuroplastic functional properties of AMPARs and 
can dynamically alter synaptic strength for different 
forms of plasticity.[36] With both electrophysiological 
and behavioral measures supporting efficacy of TH 
in maintaining homeostatic physiological conditions 
necessary for plasticity, it appears that TH does not 
impede plasticity following global ischemia. However, 
these studies were not measuring plasticity as their 
primary endpoint. In addition, factors such as cooling 
depth, duration, and method were not manipulated 
sufficiently to conclude that plasticity is unaffected 
regardless of treatment parameters.

Although there are few studies that directly assess the 
effects of TH on plasticity, the majority of studies on 
treatment duration following global ischemia have 
shown that extending cooling duration largely results 
in better outcomes.[32,37‑39] For example, Colbourne and 
Corbett found that 24 h of mild systemic TH starting 1 h 
following global ischemia in gerbils afforded superior 
neuroprotection and better behavioral outcome compared 
to a 12 h treatment duration.[37] These neuroprotective 
benefits remain even after a 12 h treatment delay; Silasi 
and Colbourne demonstrated that delaying TH for up to 
12 h following the initial global ischemic insult reduced 
the amount of CA1 injury and improved performance 
on the Morris Water Maze compared to normothermic 
controls.[40] Although it may be argued that this can be 
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simply explained by the neuroprotection afforded by TH, 
it also indirectly indicates that the electrophysiological 
properties responsible for LTP and induction of learning 
and memory also remain intact in the cells spared 
through TH treatment – a conclusion that has been 
shown directly in other studies.

One important moderator of  neuroplasticity 
following brain injury is brain‑derived neurotrophic 
factor (BDNF).[17,41,42] Notably, a study in which male 
rats were subjected to the two‑vessel occlusion with 
hypotension model of global ischemia found that 
systemic intra‑ischemic TH (33°C) resulted in increased 
BDNF levels within the dentate gyrus only 1 h postinsult 
compared to a similar BDNF increase in the normothermic 
group 24 h later.[43] It appears that TH shifts and attenuates 
the increase in BDNF levels compared to the time frame 
observed in normothermic animals. This is consistent 
with other global ischemia studies that demonstrate 
an early increase (within 24 h) in BDNF following both 
intra‑ and postischemic TH.[44,45] Although the early boost 
in BDNF levels following TH seems to hold across global 
ischemia animal work, this phenomenon has not been 
directly manipulated in a TH study to determine the 
direct result on postinjury plasticity.

After ischemia, neurogenesis in the dentate gyrus is 
upregulated for several weeks after the initial insult, 
but many of these cells do not survive.[46] Silasi et al. 
found that 48 h of TH initiated within an hour of 
ischemia increases the rate of new cell survival in the 
dentate gyrus by 60% at 4 weeks following the initial 
insult.[40] It is important to consider the possibility that 
continuing TH treatment beyond the first few days 
following the initial insult may limit both neurogenesis 
and cell survival in the dentate gyrus, the bulk of which 
occurs in the first 1 to 2 weeks following ischemia.[46] To 
address this concern, Silasi et al. focally cooled rats 1 h 
following global ischemia for either 1, 2, 4, or 7 days. 
There was no added neuroprotective benefit of cooling 
beyond 2 days, but there also appeared to be no harm 
to plasticity; there were no significant differences in 
immunofluorescence localization and densitometry 
analysis of synaptophysin and BDNF markers between 
groups. In addition, neurogenesis in the dentate gyrus, 
as measured by colocalization of Ki96 (a cell proliferation 
marker) and doublecortin (an immature progenitor cell 
marker), was not affected.[29] Based on these measures, it 
appears that mild cooling for both short and prolonged 
durations following global ischemia does not impede 
neurogenesis, an important aspect of plasticity.

Focal Ischemia

Most focal ischemia animal studies report positive 
outcomes following application of TH, with robust 

reductions in lesion volume and significant improvement 
in behavior.[10,47,48] However, clinical studies using TH 
following focal ischemia are limited and have mixed 
evidence in terms of efficacy.[11] To ensure better 
translational success, we must also consider that factors 
important to neuroprotection such as cooling duration, 
depth, intervention delay, and cooling/rewarming 
rates may ultimately harm plasticity. Although the 
effect of these factors on neuroprotection is well‑studied 
preclinically, the same cannot be said for plasticity. 
The optimal duration of TH following focal ischemia 
seems to depend on treatment delay and injury severity; 
overall, mild cooling for longer durations results in better 
outcomes, even when delayed, although not everyone 
agrees.[32,38,39,49‑56] For example, Clark et al. demonstrated 
that initiation of 48 h of mild systemic TH 1 h following 
permanent middle cerebral artery occlusion resulted in 
improved behavioral scores and lesion volume compared 
to 12 and 24 h durations.[48] In general, mild cooling for 
longer (up to a few days) appears to provide the best 
results; however, recent evidence suggests that this may 
depend upon the cell type that is assessed.[54] Mild cooling 
is widely used across preclinical and clinical studies due 
to a lower risk of adverse complications. Many have 
shown that cooling past approximately 32°C–34°C 
results in worse neuroprotection and outcome.[39,49,57,58] 
Therefore, caution should be taken when cooling to both 
a greater depth and duration, as this increases the risk 
of complications, interference in repair processes, and 
impeding plasticity.

Clinical studies typically use systemic whole‑body 
cooling due to challenges in achieving target temperature 
with focal cooling methods and the longer duration 
required to achieve equivalent protection.[59] It is difficult 
to deal with the complexities of inducing hypothermia in 
clinical practice. For example, the recent EuroHYP‑1 trial 
ran into several issues, such as the logistical challenge of 
administering such a complex treatment for a full 24 h. 
This trial was unfortunately discontinued due to these 
issues and funding expiration.[49] In addition, there is 
concern that systemic cooling may affect the overlapping 
temporal and spatial processes of neuroprotection 
and plasticity occurring in the ipsilesional versus 
contralesional hemispheres following the focal ischemic 
insult, and may therefore limit the extent of benefit. The 
neuroplastic involvement of the contralateral hemisphere 
is important following focal ischemia, as it is one of the 
sites of synaptogenesis and remapping of cortical areas, 
especially following severe injury.[19,60,61] Nonetheless, 
there is some concern of behavioral compensation and 
resulting contralesional plasticity limiting true recovery.[62] 
Thus, it is important to discern how cooling affects the 
contralesional hemisphere in order to best inform clinical 
treatment decisions. In this regard, focal cooling in rodents 
is advantageous, as it can be used to evaluate the effect of 
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cooling on a single hemisphere or area without confound. 
Following a motor cortex devascularization model of 
focal ischemic stroke, Klahr et al. applied focal cooling to 
the contralesional hemisphere and found that cooling did 
not affect dendritic spine complexity or skilled reaching 
success.[25] In addition, early cooling of the contralateral 
hemisphere reduced reliance on the unimpaired limb, 
perhaps discouraging compensatory behaviors (learned 
nonuse).[25] With large lesions, or in cases where cooling 
is less effective (e.g., insufficient depth or duration), 
contralateral cooling may be harmful. This is because with 
little tissue left in the ipsilesional hemisphere to rely upon, 
compensatory behaviors and contralateral reorganization 
may be needed, which are heightened in the days 
following stroke.[63] Based on this work, it appears that 
contralateral cooling after a focal ischemic insult does 
not harm plasticity and could provide benefits in certain 
cases by limiting compensation. However, similar work 
in additional focal ischemia models and clinical studies 
should be done to make definitive conclusions.

Hypoxic‑Ischemic Encephalopathy

Numerous clinical and animal studies have shown 
neuroprotection after initiating mild TH following 
moderate or severe HIE insult in neonates.[64,65] HIE is 
unique among the other pathologies discussed in this 
review, as it occurs in infants with highly plastic brains 
during the intra and antepartum periods of labor. The 
majority of preclinical studies agree that the optimal 
cooling duration is 48–72 h and must be initiated 
within 6 h of the initial HIE insult, before the secondary 
metabolic failure that is common to this pathology.[12,66] 
However, beyond a 72 h duration, there is both clinical 
and preclinical evidence that cooling is harmful.[12,66‑68] 
In fetal sheep, cooling to 31°C–33°C was initiated 
3 h following 30 min of ischemia and continued for 
either 72 or 120 h. Compared to normothermic sheep, 
cooling for 72 h significantly increased neuronal cell 
survival, reduced the inflammatory response, and 
improved recovery of electrophysiological power; 
however, cooling past 72 h decreased neuronal survival 
and resulted in no improvements in any of the other 
parameters.[68] This corresponds to clinical data that 
found cooling HIE infants past 72 h to 32°C resulted 
in greater mortality. Due to a high mortality rate, this 
trial was subsequently discontinued, but interestingly, 
surviving infants had the lowest rate of disability upon 
follow‑up.[67] Long‑term follow‑up in several HIE trials 
are ongoing; the Total Body Hypothermia for Neonatal 
Encephalopathy Trial has found an approximate 15% 
increase in total absence of neurological impairment and 
an IQ over 85 points between children who were cooled 
versus those who were not.[69] Similarly, the CoolCap 
trial, which initiated cranial cooling to 34°C within 6 h 
of HIE for 72 h, demonstrated that the treatment resulted 

in good functional outcomes for 7–8‑year‑old children 
who had favorable assessments at 18 months of age.[70] 
These favorable clinical outcomes suggest that early 
cooling following HIE does not negatively impact the 
highly plastic infant brain in the long term, as long as it 
is within the treatment parameters that have proven to be 
safe and efficacious, as discussed above. Alternatively, if 
plasticity is affected by clinically used cooling protocols, 
the costs to plasticity are offset by the benefits of cooling 
and are no longer observable upon follow‑up. If this 
is the case, there is potential to treat this complication 
by adding adjunct rehabilitation or pharmacological 
therapies to enhance plasticity and ultimately produce 
better patient outcomes. Although evidence of efficacy 
is promising, clinical and preclinical HIE studies on 
electrophysiological function during and after TH are 
conflicting.[68,71,72] Thus, further inquiry into the effect 
of TH on molecular underpinnings of plasticity and 
neurogenesis following HIE is recommended.

Intracerebral Hemorrhage

Most preclinical and clinical work investigating TH for 
ICH has assessed the effects on edema, inflammation, 
blood–brain barrier dysfunction, and the mitigation 
of functional deficits, with little focus on neuroplastic 
processes.[39,73,74] A recent meta‑analysis of outcomes 
in ICH studies following the application of TH 
demonstrated a significant positive impact on behavioral 
assessment.[75] Although this benefit is concurrent 
with a simultaneous decrease in edema and other 
neuroprotective factors, it is a rough indicator that TH 
is not directly harming plastic processes following ICH. 
Supporting this conclusion, Fingas et al. gave rats an 
ICH via autologous blood infusion and focally cooled 
on the ipsilesional side for either 12 h, 3 days, or 6 days 
poststroke and found no significant group differences 
in behavior or lesion size.[76] If cooling does negatively 
affect plasticity, the expectation would be that groups 
who are cooled for longer would have worse behavioral 
performance than those cooled for a shorter duration. 
Although this is not a direct measure of plasticity, the 
behavioral improvement paired with a lack of change 
in histology does indicate that plastic processes are 
maintained regardless of focal cooling duration after ICH. 
Without preclinical data on plasticity following systemic 
cooling, it is difficult to definitively state whether TH has 
any adverse effects on plasticity; however, Staykov et al. 
have shown that prolonged systemic cooling (8–10 days) 
reduced mortality and improved patient outcome, 
indicating similar conclusions to preclinical data.[74] This 
was a small study and not a randomized control trial. 
Thus, further preclinical ICH studies that directly assess 
plasticity following TH are needed, especially if the goal 
of translating this therapy clinically is to become a reality.
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Traumatic Brain Injury

TBI commonly results in dendritic and synaptic 
degeneration, cell death, edema, axonal shearing, 
hemorrhage, as well as a decrease in neuronal excitability, 
and thus relies on postinjury plastic processes to 
compensate for the damage.[76,77] The majority of animal 
studies support the use of mild‑to‑moderate TH in 
treating both focal and diffuse TBI insults, demonstrating 
reduced injury and improved behavior.[78] In contrast, 
large clinical trials have shown that TH seems to have 
little neuroprotective efficacy, despite some smaller 
studies showing benefit in patients with TBI.[79‑85] This 
translational disconnect is likely due to a mismatch 
between preclinical models and clinical reality, as 
well as TH treatment parameters such as duration and 
depth of cooling, delay to treatment, and rewarming 
procedures.[78] In addition, individual patient differences 
seem to play an important role in treatment success 
such as age, severity and type of TBI (diffuse vs. focal), 
body temperature upon arrival, surgical intervention, 
and differing secondary injury processes between 
patients.[86,87] It remains to be seen which specific patient 
populations respond best to TH following TBI. Once 
these populations are identified, treatment protocols can 
then be optimized.

Similar to other injury pathologies, TBI induces cell 
proliferation in the subgranular and subventricular 
zones.[88,89] Bregy et al. demonstrated that application 
of TH to 30°C–33°C for 4 h following TBI boosted 
neurogenesis in the dentate gyrus compared to 
normothermic controls at 3 and 7 days postinsult, as 
evaluated by BrdU incorporation and doublecortin 
visualization.[90] In addition, 3 days following focal TBI 
and subsequent intravenous infusion of 4°C saline, 
nascent neurons colabeled with BrdU and NeuN have 
been demonstrated to cluster near the cortical injury site, 
with no colabeling observed in normothermic controls.[91] 
Considered together, this evidence suggests that post‑TBI 
neurogenesis is enhanced by TH. However, there is also 
considerable literature that suggests both post‑TH and 
normothermic neurogenesis following TBI are transient 
and may ultimately be harmful.[92‑94] The sudden increase 
in neurogenesis that occurs following injury may expend 
available neural precursor cells, causing a decline in 
subsequent basal neurogenesis levels that are normally 
maintained.[94] In addition, some data suggest that this 
sudden burst of neurogenesis may increase the risk of 
developing posttraumatic seizures due to unregulated 
network excitability.[92,94] Due to this conflicting evidence, 
further preclinical study with electrophysiological and 
histological long‑term follow‑up is needed to assess 
whether neurons produced following TBI fully integrate 
into existing circuits, and whether their presence 
increases the incidence of posttraumatic seizures. 

Neurogenesis is a vital aspect of postinjury plasticity; 
however, if there is a possibility that TH enhances 
neuronal overproliferation, maladaptive plasticity, and 
seizures, it warrants caution and future study.

After TBI exerts widespread injury in the CNS, GAP‑43, 
a protein important in synapse formation and neurite 
outgrowth, has been shown to increase following 
application of TH.[95‑97] Zhao et al. investigated the changes 
that immediate postinjury cooling to 33°C for 3 h had on 
GAP‑43 7 days after TBI in rats.[7,98] They found higher 
levels of GAP‑43 in TH‑treated TBI animals compared 
to normothermic controls.[7] The protein was localized to 
the cell soma, which is associated with axonal expansion 
and plastic changes after injury. Comparatively, under 
normal conditions, the protein is localized to an axonal 
and presynaptic pattern of expression.[97] In addition, 
GAP‑43 colocalized with NeuN and tau‑1 (markers of 
mature neurons and growing axons, respectively) in 
neurite‑like growths within the peri‑contusion zone 
and into the core.[7] This evidence indicates that TH 
may enhance neurite outgrowth following TBI. Zhao 
et al. conclude that application of TH following TBI 
promotes axonal sprouting and plasticity.[7] Although 
these data are encouraging, the animals were cooled for 
3 h, which is a much shorter duration than what is used 
clinically (e.g., Clifton et al. cooled for 48 h in a recent 
trial).[79] Similar preclinical work focusing on plasticity 
should be done to match clinically used durations of TH 
in order to observe whether the same benefits remain.

Adjunct Therapies in Therapeutic 
Hypothermia

The use of pharmacological intervention in conjunction 
with TH differs between clinical and preclinical settings. 
Whereas sedative and antishivering agents such as 
meperidine, propofol, midazolam, clonidine, and 
morphine are common in clinical care, preclinical studies 
rarely use any pharmacological intervention, despite 
the fact that these sedatives are crucial in mitigating the 
stress of cooling and improving patient recovery.[99‑107] 
In preclinical studies, many use general anesthetics such 
as isoflurane, which are typically used during short 
durations of cooling. As clinical sedative agents are rarely 
used preclinically, their effect on neuroplasticity in the 
context of TH is unknown. Future clinical and preclinical 
studies should take sedative agents and their potential 
impact on recovery into account.

Although these pharmacological agents have not been 
studied in the context of TH, especially following brain 
injury, there has been some study on the plastic changes 
that these drugs induce independently. For example, 
one study investigating propofol demonstrated that 
it can decrease synapse number and alter dendritic 
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spine density, morphology, length, and arborization 
patterns.[108] This disturbance in synaptic organization 
resulted in atypical behavioral activity up to 6 months 
later. In conjunction with other work showing the 
effect of propofol on dendritic spine densities, this 
demonstrates the potential for propofol to permanently 
impair neuronal morphology and function, especially in 
developing brains.[109,110] In contrast, midazolam seems 
to be beneficial, as it induces changes in the signaling of 
sleep‑induced cortical plasticity by promoting factors 
involved in neurogenesis and cellular sparing, and 
has additional neuroprotective effects.[111] Similarly, 
analgesics like clonidine and morphine can prevent 
unwanted CNS secondary neuroplastic changes like 
central sensitization resulting from prolonged pain 
stimuli.[112‑114] However, some research suggests that 
these agents may impede memory formation and 
induce unhealthy changes to brain structures and 
neuronal connectivity when used over days.[115,116] 
Finally, although reduction of complications such as 
shivering is important, extended sedation can delay 
rehabilitation and mobilization, diminishing any 
potentially beneficial returns. Therefore, both positive 
and negative effects of pharmacological intervention 
on plasticity, rehabilitation, and recovery must be 
considered for optimization of treatment, especially with 
the concurrent use of TH.

Current Perspectives on Therapeutic 
Hypothermia and Plasticity

Considering the available evidence at this time, it does 
not appear that TH impedes plasticity or neurogenesis. 
However, this comes with several considerable caveats. 
First, it is clear that there is a substantial need for further 
study on the effect of TH on neuroplasticity; the bulk 
of the TH literature does not consider either direct 
or indirect effects on neuroplasticity. Second, a more 
holistic battery of plasticity measures and time points 
are needed to accurately gauge the effects of TH. Third, 
most of the studies discussed here used mild TH ranging 
from 30°C to 35°C. Experiments in which cooling depth, 
duration, and delay are varied are needed in order to 
establish which treatment parameters will optimally 
augment or negatively affect plasticity, especially as 
local cooling methods become more commonly used. 
Fourth, pharmacological agents that are used clinically 
in conjunction with TH must be assessed in preclinical 
models to establish their effect on plasticity following 
various pathologies and to ensure safety or enhance 
efficacy. This must be done across models and pathologies 
in order to fully inform clinical practice. Finally, future 
work must be done in both sexes, multiple species, young 
to aged animals, replicated in multiple laboratories, and 
be appropriately randomized and blinded, in accordance 
with STAIR guidelines.[117] Ensuring that the above 

aspects are considered when planning future studies on 
this subject will aid translational success, as plasticity is 
an important driving force behind optimal functional 
recovery and must be assessed as part of the efficacy of 
TH as a potential treatment.
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