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Hypothermia-Associated Loss of Dendritic Spines
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Mechanisms of synaptic plasticity in CNS circuits are commonly investigated using in vitro preparations such as brain slices or slice
culture. During their preparation, slices are exposed to low temperatures, and electrophysiological measurements are sometimes made
below physiological temperature. Because dendritic spines, which occur at the majority of excitatory synapses, are morphologically
plastic, we investigated the influence of reduced temperature on their morphology and plasticity using live cell imaging of hippocampal
slices from transgenic mice expressing a green fluorescent protein-based neuronal surface marker and electron microscopy of adult brain
slices. Our data show that dendritic spines are highly sensitive to reduced temperature with rapid loss of actin-based motility followed at
longer times by reversible loss of the entire spine structure. Thus, reduced temperature significantly affects synaptic morphology, which
is in turn known to influence several key aspects of synaptic transmission. Evidence that hypothermia potentiates anesthesia and is
associated with spine loss in hibernating animals further suggests that spine morphology may have a widespread influence on brain
function.
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Introduction
Several key aspects of synaptic transmission at excitatory syn-
apses, including the distribution of postsynaptic glutamate recep-
tors, postsynaptic ion fluxes, and the spread of presynaptically
released neurotransmitter, are strongly influenced by the shapes
of dendritic spines (Barbour and Häusser, 1997; Kullmann and
Asztely, 1998; Nusser et al., 1998; Takumi et al., 1999; Majewska
et al., 2000; Euler and Denk, 2001). Together with recent evidence
indicating that spines are motile structures with a shape that can
alter within seconds or minutes (Fischer et al., 1998; Dunaevsky
et al., 2001; Trachtenberg et al., 2002; Roelandse et al., 2003), this
suggests that changes in spine shape might alter synaptic trans-
mission properties. Many studies of synaptic physiology and
plasticity at excitatory synapses have been performed using in
vitro brain slices prepared under conditions that involve cooling
tissue to temperatures as low as 2°C with electrophysiological
measurements made at reduced temperatures. However, studies
on cellular dynamics have shown that actin-dependent motility,
resulting in significant changes in cell morphology, is strongly
attenuated at reduced temperatures, with a Q10 of �4 ranging
from 29 to 39°C (Hartmann-Petersen et al., 2000). Similar values
have been recorded for epithelial cells from various teleosts
(Ream et al., 2003).

To investigate the possibility that reduced temperature may
influence the motility and morphology of dendritic spines, we
took advantage of transgenic mice expressing a green fluorescent
protein (GFP)-linked neuronal surface marker that enables high
resolution imaging of the dendrite surface in brain slice cultures

(Roelandse et al., 2003). Our results show that decreased temper-
ature has profound influence on dendritic spine morphology
leading ultimately to their disappearance. These effects, which are
reversible, suggest that studies of synaptic physiology performed
at reduced temperatures may not accurately reflect events occur-
ring in the brain.

Materials and Methods
Organotypic hippocampal slice cultures were prepared from postnatal
day 8 (P8) transgenic animals expressing a plasma membrane targeted
form of GFP (GFPtKras) that allows the surface structure of dendrites to
be visualized in living cells (Roelandse et al., 2003). For confocal imaging,
slices were mounted in purpose-built chambers (Life Imaging Services,
Olten Switzerland) and observed under continuous perfusion with arti-
ficial CSF (ACSF; (in mM) 124 NaCl, 2.5 KCl, 2.0 MgSO4, 1.25 KH2PO4,
26 NaHCO3, 10 glucose, 4 sucrose, and 2.5 CaCl2 saturated with 95%
O2/5% CO2) using a Yokogawa microlens Nipkow confocal system
(PerkinElmer Life Sciences, Cambridge, UK). Images were acquired us-
ing a cooled CCD camera (PCO Computer Optics, Kelheim, Germany)
and analyzed with MetaMorph software (Universal Imaging, West Ches-
ter, PA).

For analysis of adult brain slices, hippocampi from mature wild-type
mice (n � 3; all 5 weeks of age) were dissected in ice-cold oxygenated
buffer (in mM: 234 NaHCO3, 1 NaH2PO4, 8 MgSO4, and 10 glucose, pH
7.4) and sliced at 400 �m using a McIlwain tissue chopper (Mickle En-
gineering, Gomshall, UK). Slices were incubated on 0.4 �m porous cul-
ture plate inserts (Millipore, Bedford, MA) for 60 min at room temper-
ature in ACSF (in mM: 117 NaCl, 5.3 KCl, 26 NaHCO3, 1 NaH2PO4, 1.5
MgSO4, 2.5 CaCl2, and 10 glucose, pH 7.4, equilibrated with 95% O2/5%
CO2) with Ca 2� removed to avoid excitotoxic damage (Feig and Lipton,
1990). Subsequently, incubation was continued at either 37 or 4°C for 9
hr in ACSF saturated with 95% O2/5% CO2 after which slices were pre-
pared for DiO labeling or electron microscopy by microwave-assisted
fixation (Jensen and Harris, 1989). Briefly, slices were transferred into
prewarmed fixative [2% formaldehyde, 6% glutaraldehyde, and 2 mM

CaCl2 in 0.1 M cacodylate buffer (CCB), pH 7.3] and irradiated at maxi-
mum power (1000 W) for 9 sec in a Bio-Rad (Hercules, CA) H2500
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microwave processor. The postirradiation temperature, measured using
a built-in temperature probe situated in the fixation solution, was
35–50°C.

For DiO labeling, slices were embedded in 3% agarose, cut transversely
at 400 �m using a Leica VT1000 second microtome (Leica, Glattbrugg,
Switzerland), and shot with DiO-coated tungsten particles (0.7 �m di-
ameter) using a Gene Gun (Bio-Rad) as described previously (Gan et al.,
2000). For electron microscopy analysis, fixed slices were washed in 0.1 M

CCB, postfixed with 1% osmium tetroxide and 1.5% potassium ferro-
cyanide in 0.1 M CCB, pH 7.3, and stained with 4% ethanolic uranyl
acetate. Serial ultra-thin sections of area CA1 were stained for 30 min
with 6% aqueous uranyl acetate and then for 15 min with 0.4% lead
citrate in 0.04 M NaOH.

Quantification of synaptic contacts in electron microscopy samples
was performed by counting markers of synaptic structure (presynaptic
clusters of synaptic vesicles in axons; postsynaptic densities in dendrites)
in randomly selected images of area CA1 in slices kept at 4 or 37°C in each
case covering 120 �m 2. For slices maintained at 37°C, presynaptic and
postsynaptic marker numbers were equal so that numbers in Figure 3 are
given as synapses. For slices kept at 4°C, the frequency of presynaptic and
postsynaptic markers differed (see Results), so vesicle clusters and
postsynaptic densities (PSDs) were counted separately.

Results
We examined the influence of reduced temperature on dendritic
spines using hippocampal slices from transgenic mice expressing
a membrane-targeted GFP construct (GFPtKras), which enables
the fine structure of dendrites to be recorded in living slices of
brain tissue (Roelandse et al., 2003). Observations were made
using both acutely cut slices from adult animals and cultured
hippocampal slices maintained in vitro for
�4 weeks when mature dendritic spines
have been established (Frotscher et al.,
1988; Roelandse et al., 2003).

Cultured slices maintained at 37°C
show stable dendritic spines of mature
morphology, which retain actin-based
motility at the tips of spine heads (Ro-
elandse et al., 2003). When the tempera-
ture was reduced to 24°C, spines initially
retained the same motility as at 37°C (Fig.
1A, 0), but subsequently, motility gradu-
ally decreased (data not shown) and by 3
hr had stopped completely (Fig. 1A, 190).
Cooling slices to still lower temperatures
showed even more severe effects so that a
brief exposure of cultures to 4°C for 30
min was sufficient to freeze spine motility
entirely (Fig. 1B).

Dendrite structure in cultured slices
maintained at 37°C remained stable
throughout continuous recordings of �8
hr with no noticeable decline in motility
or basic spine morphology (Fig. 2A, 0,
8.45). In contrast, when incubation at
24°C was continued overnight, dendrites
showed striking structural regression so
that the majority of spines had disap-
peared (Fig. 2B). To check that these ef-
fects were not limited to slices in culture or
were an artifact of expressing the GFPt-
Kras transgene, we examined acute cut
slices from adult hippocampus in which
dendrite structure was visualized using a
gene gun to deliver the membrane marker

DiO (DiOlistic labeling) (Gan et al., 2000). Incubating these adult
slices overnight at 4°C resulted in the complete disappearance of
dendritic spines (Fig. 2C).

We also performed electron microscopy on adult brain slices
that had been maintained overnight at either 4 or 37°C (Fig. 3).
This confirmed that dendrites in tissue maintained at reduced
temperature were indeed devoid of spines (Fig. 3A). Despite ab-
sence of spines, synapses were still present in slices maintained at
4°C with presynaptic terminals making synaptic contacts directly
onto dendrite shafts (Fig. 3B–E). In addition to the absence of
spines, synaptic contacts in cooled slices showed decreased stain-
ing of the postsynaptic density at sites where the presence of axon
terminals containing vesicle clusters marked them clearly as syn-
aptic contacts (Fig. 3B–E, arrowheads). We also noted an increase
in the number of synaptic vesicle clusters along the axonal shaft
(Fig. 3D). In contrast, control slices made from the same tissue
samples but maintained overnight at 37°C showed the typical
profusion of dendritic spines receiving synaptic contacts at regu-
lar intervals along the dendritic shaft (Fig. 3F). To quantify these
observations, we counted PSDs and synaptic vesicle clusters as
markers, respectively, of presynaptic and postsynaptic structures
in warm and cold treated slices (Fig. 3G). For slices maintained at
37°C, both presynaptic and postsynaptic markers were present at
all synaptic contacts so these were scored as synapses (Fig. 3G,
gray bar). In contrast, counts of PSDs and vesicle clusters in slices
maintained at 4°C confirmed that after cooling, postsynaptic
density staining decreased, whereas synaptic vesicle cluster fre-
quency increased (Fig. 3G, black bars).

Figure 1. Culturing mature brain slices at room temperature (24°C) and at 4°C “freezes” spines. A, Shown are single images
taken from two time series of two dendrites in a mature hippocampal slice culture taken at the beginning (0) of a cooling period to
24°C and 190 min later (190). To the right, the corresponding motility images of time series are shown with areas of high motility
in red and white and background motility in blue and black. Images were acquired every 15 sec. Initially, when the cultures were
kept at 24°C, spines were still motile (left; 0 min); however, over time, spine motility disappeared (right; 190). Scale bar, 2 �m. B,
Brief exposure (30 min) of mature slice culture to 4°C stops spine motility. Dendrites were imaged at 24°C, and the corresponding
motility image is shown at the right. Note the small spines. Scale bar, 3 �m.

7844 • J. Neurosci., September 8, 2004 • 24(36):7843–7847 Roelandse and Matus • Loss of Dendritic Spines



It was important to ensure that the disappearance of dendritic
spines after prolonged cooling did not involve permanent dam-
age to hippocampal neurons. To test this possibility, cultured
slices that had been maintained overnight at 24°C were examined
during and 24 hr after recovery at physiological temperature.
Rewarming cooled cultures to 37°C resulted in immediate and
rapid outgrowth of highly motile protrusions from the surface of
dendrites (Fig. 4A–C) that resembled filopodia-like spine precur-
sors on developing dendrites (Dailey and Smith, 1996; Roelandse
et al., 2003). Quantifying the number of spines per 100 pixels of
dendrite length in single planes from confocal images showed
that the number of protrusions classified as spines dropped to
approximately one-third of the control value after incubation
overnight at 24°C (Fig. 4D) ( p � 0.05; n � 73 dendrites at 37°C,
100 dendrites at 24°C). Spine recovery was remarkably effective
so that spine density had returned to control levels 24 hr after
rewarming to 37°C (Fig. 4D) ( p � 0.05; n � 23 dendrites).

Discussion
Our observations show that reduced temperature leads to a slow-
ing and subsequent cessation of dendritic spine motility normally
observed at physiological temperature. Prolonged incubation of
slices at 24°C resulted in the disappearance of spines after pro-
longed incubation at 24°C, an effect that could occur within
hours at 4°C. Because these effects were reversible when the tem-

perature was returned to 37°C, cooling even for periods of hours
does not appear to induce permanent damage to hippocampal
neurons.

An obvious question arising from these results is whether
these dramatic changes in synaptic morphology influence synap-
tic function. At least in the case of neurotransmitter cross-talk
between synapses, existing evidence suggests that they do. A study
of temperature effects on spillover of extrasynaptic glutamate
showed that this effect is reduced at physiological temperature
(33–36°C) compared with room temperature (21–23°C) (Asztely
et al., 1997). These results were interpreted as showing that the
extent of spillover depends on temperature-dependent changes
in the path length of glutamate diffusion out of the synaptic cleft,
a parameter generally considered to be determinative for neuro-
transmitter cross-talk (Clements, 1996; Isaacson, 2000). Indeed,
it has been suggested that the deep invagination of the mamma-
lian rod synapse is an adaptation to prevent spillover to neigh-
boring rods (Rao-Mirotznik et al., 1998). Such an arrangement
would limit spillover, thus enhancing neurotransmitter reuptake
via glutamate transporters. This interpretation is consistent with
the observation that spillover is reduced when slices are warmed
from room temperature to 37°C (Asztely et al., 1997), although
temperature-dependent effects on the reuptake mechanism itself
may also play a role. Live cell imaging of the surface structure of
dendrites and correlated electron microscopy have shown that,
rather than the conventional image of synaptic contacts where
the presynaptic and postsynaptic components are juxtaposed to
one another at up to 50% of spine synapses, the spine encloses the
presynaptic terminal to some degree (Roelandse et al., 2003). The
regression of spine structure at reduced temperatures observed in
our present experiments would reduce the extent of this en-
closure and is thus consistent with the evidence that spillover
increases at reduced temperature (Asztely et al., 1997).

An additional possible link between reduced temperature and
synaptic morphology comes from the study of hibernating ani-
mals where brain temperature falls as low as 5°C (Hut et al., 2002)
and is correlated with decreased synaptic transmission (Derij and
Shtark, 1985; Krilowicz et al., 1989; Igelmund and Heinemann,
1995). Previous studies have indicated that this extreme hypo-
thermia is associated with reversible loss of dendritic spines (Boy-
cott, 1982; Popov et al., 1992), a result that is consistent with our
finding that reduced temperature can lead to reversible loss of
dendritic spines when tissue from mouse brain is cooled to
room temperature. Together, these observations underline the
high degree of plasticity retained by neuronal connections in
the mature CNS.

Another link between synaptic motility and synaptic function
is suggested by previous work in our laboratory showing that
dendritic spine motility is blocked by volatile anesthetics at clin-
ically relevant concentrations (Kaech et al., 1999). Cooling of the
brain to 20°C in animals and humans, as commonly performed
during surgical procedures, is known to produce effective anes-
thesia independently of chemical anesthetics (Antognini, 1993;
Liu et al., 2001). Together with these previous observations, our
present data support suggestions that actin-based mechanisms in
dendritic spines may have widespread effects on brain function
(Crick, 1982; Matus, 2000).

In both hibernating animals (Boycott, 1982; Popov et al.,
1992) and the in vitro brain slices studied here, the most dramatic
effects of reduced temperature were on dendritic spines. In our
experiments, we also observed reduced staining of postsynaptic
densities, whereas an increase in the numbers of synaptic vesicle
clusters per unit area may indicate a partial loss of synaptic con-

Figure 2. Prolonged cooling of mature brain slices leads to the disappearance of dendritic spines.
A,Dendriticspines(arrowheads) inmatureorganotypicculturesatphysiologicaltemperaturesremain
present throughout continuous recordings up to 8 hr. Two images show a dendrite in a control culture
maintained at 37°C at time 0 and 8 hr later (8.45). Scale bar, 3�m. B, Several dendrites (arrowheads)
in a mature slice culture that had been incubated overnight at 24°C lack the presence of the majority of
spines on its surface. Scale bar, 5 �m. C, Acutely cut slices from the brains of adult mice were kept
overnight at 4°C, fixed, and single neurons were labeled with a lipophilic dye (DiI). The asterisk
indicates the approximate site of DiI entry in the slice. Dendrites lost their spines after the
prolonged cooling to 4C° (arrowheads). Scale bar, 5 �m.
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tacts. In contrast, the structure of the un-
derlying dendrite shaft was essentially un-
affected. A possible explanation for this
striking difference in cold sensitivity lies in
the contrast in cytoskeletal structure be-
tween the dendritic spine, which is based
on filamentous actin, and the dendrite
shaft where microtubules predominate
(Matus et al., 1982; Halpain, 2000; Kaech
et al., 2001). The high content of dynamic
actin filaments in dendritic spines not only
drives their high motility (Fischer et al.,
1998) but also renders them sensitive to
the low temperature, which inhibits actin
filament dynamics resulting in reduced
cell motility (Pollard, 1976; Hartmann-
Petersen et al., 2000; Ream et al., 2003).

As well as supporting the idea that den-
dritic spine motility may influence synap-
tic function in the adult brain, our obser-
vations suggest that the results of
physiological studies performed on in vitro
brain slices at room temperature, espe-
cially after exposure to ice temperatures
during preparation, are likely to signifi-
cantly influence aspects of synaptic func-
tion, such as the number and distribution
of postsynaptic receptor expression and
neurotransmitter spillover that are known
to be sensitive to changes in spine
morphology.
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Figure 4. Subsequent rewarming of cooled slices to 37°C induces motile protrusions (arrow-
heads) to re-emerge from dendrite surface. A, First frame from time lapse of several dendrites in
a culture that were maintained overnight at 24°C and subsequently at the beginning of re-
warming to 37°C. The boxed areas are shown in B and C. Scale bar, 10 �m. B, C, Individual
frames 30 sec apart taken from the same time lapse as shown in A. Subsequent rewarming of
cooled slices to 37°C induces motile protrusions to rapidly extend and retract from den-
drite surface. Scale bar: B, C, 5 �m. D, Quantification of the number of spines per 100 pixels
dendrite length. Overnight cooling results in a significant but reversible reduction in the
number of spines.
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