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Abstract

We describe a very adaptable reversible inactivation technique for the behavioral or electrophysiological analysis of neural
circuits. The cryoloop device can be permanently implanted or topically applied in an acute preparation to apply cold to discrete
surface regions of the central nervous system (e.g. cerebral cortex or midbrain). The cryoloop consists of a custom shaped,
stainless steel, hypodermic tubing and cooling is effected by passing chilled methanol through the lumen of the tubing. Cryoloop
temperature is monitored by a microthermocouple attached to the union of the loop, and can be maintained within 91°C of a
desired temperature. In chronic preparations, implanted cryoloops have been maintained in cats and monkeys for periods in excess
of 2 years. After this period there are no structural, metabolic of functional changes in the deactivated tissue, and full reversibility
of cooling-induced effects is maintained. Operation of multiple cryoprobes provides great flexibility of experimental protocols,
permits double and triple functional dissociations to be made, and strengthens experimental design considerably. © 1999 Elsevier
Science B.V. All rights reserved.
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1. Background

Studies of the contributions made by cortical areas to
network interactions and cerebral function require the
deactivation of individual areas. For many investigators
the lesion technique is the method of choice to silence a
region of cortex because the limits of the lesion can be
defined with a reasonable level of accuracy. However,
there are drawbacks to this method: (1) typically lesions
can only be defined post mortem; (2) it is not possible
to reinstate the damaged region in the network to
obtain control measures that bracket the lesion-induced
effects; 3) comparisons must be made between animals
and internal double dissociations are not possible; and
(4) the mature CNS is plastic and connections can be
activated, strengthened or modified following lesions

(Yamasaki and Wurtz, 1991; Lomber et al., 1996b;
Payne et al., 1996b). Therefore, it is most desirable to
use reversible deactivation techniques to investigate
functional roles of, and interactions between, compo-
nents in the cerebral network and obviate these
drawbacks.

The cooling method to reversibly deactivate neural
tissue is important and has several major advantages
over the traditional lesion technique: (1) Limited re-
gions of cortex can be selectively and reversibly deacti-
vated in a controlled and reproducible way, and
baseline and experimental measurements can be made
virtually concurrently (within minutes). (2) Repeated
coolings over several months or years produce stable,
reversible defects, with no evidence of attenuation, neu-
ral compensations or major variations. (3) Repeated
cooling induces neither local nor distant degenerations
that might compromise conclusions and do not induce
the types of neural compensations triggered by lesions.
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(4) Compared to ablation studies, many fewer animals
are needed because sensitive within animal comparisons
and double, or even triple, dissociations are possible,
permitting large volumes of high quality data to be
acquired from each animal. (5) Finally, because the
major effect of the cooling is to block synaptic transmis-
sion, activity in fibers of passage is not compromised.

A number of strategies have been adopted to cool and
deactivate neural tissue. Cryotips are popular for cool-
ing deep brain structures, where the site of cooling is
desired to be as localized as possible. Cryotips are
concentric tubes through which a coolant is passed
down the inside shaft to localize the cooling to the tip
of the shaft (Dondey et al., 1962). Additional heating
elements have also been added to the outside shaft to
prevent the unintentional inactivation of other, more
superficial structures (Skinner and Lindsley, 1968;
Zhang et al. 1986; Campeau and Davis, 1990). How-
ever, penetration of overlying structures inevitably re-
sults in some damage and they are not very useful for
cortical deactivations. For surface structures, such as
cerebral cortex, the most frequently adopted method
employs the Peltier principle and thermoelectric plates.
These have been used in electrophysiological investiga-
tions, where the cooling of large, relatively smooth,
cortical areas has been successfully carried out (Schiller
and Malpeli, 1977; Sherk, 1978; Sandell and Schiller,
1982; Girard and Bullier, 1989; Girard et al., 1991a,b,
1992; Michalski et al., 1993, 1994). In behavioral studies
the plates are positioned outside the dura, a structure
which tends to insulate the underlying brain from the
cooling effect (Fuster and Alexander, 1970; Fuster and
Bauer, 1974; Goldman and Alexander, 1977; Alexander
and Goldman, 1978; Shindy et al., 1994). Moreover, the
plates rarely conform exactly to the shape of the under-
lying neural surface to be cooled, and the animal’s head
must be immobilized. To our knowledge, cooling plates
have not been successfully introduced into sulci.

The cryoloop technique for cooling was originally
described by Salsbury and Horel (1983) and adopted for
epidural use in behaving monkeys without the need for
head restraint because the cryoloops were chronically
implanted (Horel, 1991). More recently, the technique
has been advanced and chronically implanted sub-
durally in cats by Lomber and Payne. Moreover, tech-
niques have been developed to introduce cryoloops
successfully into sulci. With these recent advances,
broader animal use, and implementation of the tech-
nique in a growing number of laboratories it seemed
appropriate to provide a thorough description of assem-
bly, implantation procedures, maintenance and use of
the cryoloop. The cryoloop method can be applied to
assess cortical operations using, with equal success,
behavioral or electrophysiological assays of neural oper-
ations (Horel, 1984, 1992, 1996; Horel et al. 1984, 1987;
Payne et al., 1991, 1996a; Lomber et al., 1994, 1996a,b;

Lomber and Payne, 1996; Girard et al. 1997; Hupé et
al., 1998).

2. The cryoloop

2.1. Parts and assembly

(1) The cryoloop is manufactured from straight 23
gauge (0.635 mm O.D.×0.33 mm I.D.) hypodermic
stainless steel tubing. Thinner walled tubing may be
used but it is more difficult to fashion without crimping
or denting. The tubing is cut with a high-speed, hand-
held hobby drill (e.g. Dremel tool). The tubing is then
shaped with round, needle-nosed pliers into a simple
loop, or more complex loop with one or more secondary
side loops, and it is shaped to conform to the surface of
the structure to be deactivated. For this step we use
fixed brains or rubber replicas as forms to shape the
cryoloops. A single loop can be constructed to deacti-
vate between �10 and 100 mm3 of cortex. Deactiva-
tions of \100 mm3 can be achieved by deactivating
adjacently positioned cryoprobes.

(2) A microthermocouple is constructed and attached
to the cryoloop. The microthermocouple is manufac-
tured by simply twisting together bared 30 AWG gauge
(0.254 mm) Teflon insulated copper and constantan wire
and closely trimming the tips. The copper/constantan
duplex has both high resolution and fast response time
in the operating range of 0–40°C.

(3) The microthermocouple is soldered to the union
of the cryoloop with silver solder after flux has been
applied to the tubing. Afterwards, excess toxic flux is
rinsed away.

(4) The paired inlet and outlet tubes of the cryloop,
the microthermocouple wire, and the solder embedded
microthermocouple are encased in 16 gauge heat-shrink
Teflon tubing (expanded diameter of 1.7 mm; Small
Parts Inc., Miami Lakes, FL; Part cSMT-16-12) leav-
ing the cryoloop exposed.

(5) The inlet and outlet tubes and microthermocouple
wire are led through a stainless steel, outside-threaded,
cylinder and secured together with dental acrylic (e.g.
Kerr® Fastcure).

(6) The thermocouple wires exit through a small hole
and are attached to an Omega Engineering® subminia-
ture connector (cSMP-T).

(7) An inside-threaded tube cut into short lengths
and sealed at one end with dental acrylic is screwed into
place as a protective cap for the inlet and outlet tubes.
A set-screw is employed on monkey cryoprobes to
prevent the monkey from manually manipulating the
protective cap free.

Finally, the patency of the cryoloop tubing is tested
for methanol flow, functioning of the microthermocou-
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Fig. 1. Individual cortical cryoloops constructed to be placed: (A) in the left middle suprasylvian (MS) sulcus, or (B) over the right
ventral-posterior suprasylvian (vPS) and fusiform gyri of the cat. (A) Left MS cryoloop. Protective cap (pc) has been removed to expose the ends
of the inflow (i) and outflow (o) tubes. Tubes descend through the threaded post and the heat-shrink Teflon tubing to the actual loop which is
exposed to the cortical surface. The microthermocouple (TC) is attached to the union of the cryoloop. Its wires ascend through the heat-shrink
Teflon tubing to the connector (C) affixed to the dental acrylic. (B) Right vPS cryoloop. Similar overall construction. Note that the loop is shaped
for contact with the lateral occipital surface (L; vPS cortex) and the tentorial surface (T; fusiform gyrus). Here, the protective cap is in place over
the inflow and outflow tubes. Scale bar, 10 mm.

ple is verified, and the construction of the standard
cryoloop blank is complete. Two assembled cryoloops
are shown in Fig. 1.

2.2. Surgical implantation

Every region of the brain to be deactivated presents
its own unique surgical challenges. The general proce-
dure described below is readily adaptable, with some
forethought, to the desired region of the brain to be
cooled. At present, six cryoloops have been implanted
in a single cat and ten into a single monkey. The larger
monkey brain and skull can accommodate more cry-
oloops, as can those of the cat with a reduction in the
size of exposed portions of the cryoloops. However, the
major factor limiting the number of cryoprobes that
can be implanted is the duration of the surgery. At
present, the implantation of six surface cryloops in cats
requires about 10 h in surgery. More time is required
when sulci first need to be opened. There are clear
advantages to implanting more cryoprobes, but they

should be counterweighed by the need for two surgical
procedures. If two surgeries are contemplated, it is most
practical to implant probes in contact with one hemi-
sphere in one surgery, and to implant cryoprobes in
contact with the opposite hemisphere in a second surgi-
cal procedure. Naturally, with all invasive surgery, ster-
ile technique is essential, and all procedures should be
approved by the institution and conform with local and
national guidelines.

(1) Cryoloops are sterilized with ethylene oxide be-
cause autoclaving is destructive to both the cryoloops
and microthermocouples.

(2) With the animal under general, surgical plane
anesthesia, the skull is exposed and a craniotomy is
made over the desired region. The craniotomy should
be large enough to permit mechanical manipulation of
the brain and manipulation of the cryoloops into place.
However, sufficient skull should remain in place to
permit firm anchoring of the cryoloop.

(3a) For surface positions, placement is straightfor-
ward. For sulcal positions, it is essential to dissect the
arachnoid mater bridging across the sulcal orifice tak-
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ing great care not to compromise the vascular supply.
Fine Science Tools® etched tungsten microneedles
(c10130-20) and curved microforceps are particularly
useful for dissecting the arachnoid mater. Once the
more difficult and extensive surface arachnoid mater
has been dissected it is straightforward to sever the
small number of bridging strands connecting the two
banks within the sulcus. It is essential to pay attention
to vessels which bridge across the sulcus. These can be
a hazard, and in some cases it may be impossible to
navigate the cryoloop around them. While we have not
encountered difficulties with vasculature, we anticipate
that at some point in the future we will encounter an
arterial supply or venous drainage pattern which pre-
vents implanting a cryoloop in a sulcus on these
grounds. Unfortunately, it is impossible prior to open-
ing the dura to know whether a given surgery is unfea-
sible. Thus, it is worthwhile implanting cryoprobes
early in an experiment, soon after an animal is accus-
tomed to the behavioral apparatus, rather than training
the animal on a large number of tasks and then im-
planting the cryprobe.

(3b) Good illumination and a view parallel to the
sulcal walls are essential. A motorized-zoom and -focus
surgical microscope is highly recommended because
both hands are occupied gently pulling the two banks
apart and opening the sulcus. The motorized focus
permits focusing to successive depths in the sulcus as it
is opened, and it is essential for clear progress. Dental
cotton rolls are readily available, and have a good
shape and texture for applying to the cortical surface
for gently separating the sulcal banks. We have enjoyed
success opening the middle suprasylvian sulcus of cats
(Fig. 2A; Lomber et al., 1994, 1996b; Payne et al.,
1996a) and superior temporal sulcus of monkeys (Hupé
et al., 1998). For deep structures, such as the superior
colliculus, one hemisphere is elevated after a relieving
cut is made in the splenium of the corpus callosum
(Fig. 2B; Lomber and Payne, 1996; Payne et al., 1996a).
The superior colliculus is readily visible as a vascular-
ized, cream-colored dome when viewed with fiber optic
light. It lies immediately in front of the tentorium
cerebelli. Bright illumination is essential.

(4) One of the standard probes most suitable in size,
shape and position of inlet and outlet tubes and ther-
mocouple connector is selected, and the concordance of
the loop with the shape of the brain is tested. Final
adjustments are made to maximize concordance be-
tween cryoloop and brain, and eliminate interference
between external elements of other cryoloops.

(5) The skull is cleaned and holes are drilled with a
hand drill to prevent scorching of the bone. Silver
sputtered1 stainless steel screws (Small Parts Inc., Mi-

ami, FL; Part cMPX-080-2P) are self-tapped into the
drilled holes to serve as anchors for the cryoloop
assembly.

(6a) The cryoloop assembly is positioned in place
and secured to the screws with dental acrylic that
contains 1% silver sulfate by weight. The silver on the
screws and in the acrylic retards infections, which can
lead to deterioration of the bone and be hazardous to
overall health of the animal. Bone deterioration can
result in instability and, ultimately, in detachment of
the cryoprobe.

Fig. 2. Cooling probes in contact with posterior-middle suprasylvian
(pMS) cortex and the superior colliculus (SC) of the cat. (A) Position
of a cooling probe in the posterior middle suprasylvian sulcus. Probe
is resting against the middle suprasylvian gyrus (mssg) which forms
the medial bank of the MS sulcus. Cortex lateral to the probe was
removed following tissue fixation to reveal the probe. Left is anterior.
WM, white matter; pssg, posterior suprasylvian gyrus; UTC, mi-
crothermocouple. Scale bar, 10 mm. (B) Photograph to show the
position of the cooling probe in contact with the superior colliculi.
Overlying cortex was removed to reveal the underlying thalamus,
midbrain, and probe position. Left is anterior. IC, inferior colliculus.
Scale bar, 10 mm. Reproduced from Lomber and Payne (1996) with
permission.

1 Screws can be conveniently sputtered using a sputterer suitable
for preparing replicas for a scanning electron microscope.
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(6b) The most convenient way to hold the cryoprobe
in place during fixation to the skull is manually using
visual feedback to control exact position. Even with the
steadiest of hands it is essential to support the hand to
minimize movements. The use of slow curing acrylic
should be avoided as the probe will then need to be
manually held in place for a long period of time.

(6c) In applying the acrylic neither air nor fluid
pockets are tolerated between skull and acrylic because
they can harbor infectious microbes. Therefore, the
initial layer of dental acrylic applied to the screws and
skull has a low viscosity and is allowed to run freely
over all surfaces. Subsequent layers are built up using a
higher viscosity slurry of acrylic.

(7) Dural margins are sutured, as needed, absorbable
gelatin film (Gelfilm®, The Upjohn Company, Kalama-
zoo, MI; NDC 0009-0297-01) is applied if necessary,
and bone pieces replaced. Large bone pieces have at
least one anchoring screw to hold them in place. Any
remaining gaps between skull, bone pieces and cry-
oprobes are filled with absorbable gelatin foam
(Gelfoam®, The Upjohn Company, Kalamazoo, MI;
NDC 0009-0315-03), which prevent contact between
acrylic and brain. Eventually, both Gelfilm and
Gelfoam are absorbed and replaced by connective tis-
sue or new bone. In many instances for cryoloops that
have been in place for 1 year or more, the margins of
the defect in the calvarium are completely ossified and
barely detectable (Fig. 3). Upon closure of the cranial
vault, additional acrylic is applied to secure the cry-
oprobe, and it is shaped to a smooth, convex contour.

(8) Finally, the skin margins are drawn up to the
edge of the acrylic or are sutured together.

2.3. Post-implantation care

Depending upon the species, specific problems can
develop with permanently implanted cooling probes, as
with other implants. In cats, cryoloops have been main-
tained in place with little or no maintenance to the
implant for 3 years. The margins of the implant are
cleaned periodically with Nolvasan and treated with
Panalog ointment (Nystatin-Neomycin Sulfate-
thiostrepton-Triamcinolone Acetonide). With these pre-
cautions neither infections nor skull deterioration are
experienced. Suspected infections can be treated with
Flo-Cillin (Penicillin G Benzathine and Penicillin G
Procaine) administered systemically for 7–14 days.
Monkeys, however, are a greater challenge as they
appear to be more susceptible to infection and the skull
beneath the implants tends to deteriorate over time.
Careful attention to surgical precautions can greatly
forestall these types of problems. However, when im-
plants remain in place for long periods (\1 year)
infections or skull deterioration seem to be inevitable at

Fig. 3. Ventral view (from below) of a cat skull calvarium post-mor-
tum to show three pairs of bilateral cryoloops. Three pairs of bilateral
cryoloops had been placed over the cerebral cortex and permanently
implanted approximately 30 months prior to sacrifice. MSg) Cry-
oloop implanted over the middle suprasylvian gyrus (cortical area 7;
Olson and Lawler, 1987). dPSg) Cryoloop placed over the dorsal-pos-
terior suprasylvian gyrus and PS-MS junction (cortical area 21a; Tusa
and Palmer, 1980). vPSg) Cryoloop placed over the ventral-posterior
suprasylvian gyrus which wraps around onto the tentorial surface
over the fusiform gyrus (cortical area 20a and 20b; Tusa and Palmer,
1980). Note complete repair of bone above the cryoloops. Asterisk
indicates site of post-mortem bone removal to show cryoloop inlet/
outlet. a, anterior; p, posterior; tent, tentorium; and arrow indicates
bone impression of the superior sagittal sinus on the midline. Arrow-
head indicates anchoring screw in occipital bone. Scale bar, 10 mm.

some point in time. To prevent or treat possible infec-
tions, the margin of the acrylic is scrubbed with Be-
tadine, inflammations flushed with Betadine, and tissue
treated with Bacitracin zinc ointment or any common
triple antibiotic (Polymixin, B-Bacitracin, Neomycin)
ointment. If infection is suspected, the monkey can be
treated systemically with Chloramphemicol or like an-
tibiotics for 7–14 days.

2.4. Operation

The cryoloop is cooled by passing chilled methanol
(histological grade) through the lumen of the tubing.
The cooling circuit is shown in Fig. 4.
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(1) The inlet and outlet of the cryoloop fit snugly
into 0.5 mm I.D Teflon tubing (Varian Associates,
Walnut Creek, CA; Part cR0000200332), and no spe-
cial connector is required because the fit is tight enough
to withstand the pressures generated by the methanol
pump.

(2) Room temperature methanol is drawn from a
loosely stoppered reservoir by a synchronous rotating
and reciprocating piston pump (Fluid Metering Inc.,
Oyster Bay, NY; Model cQSY-Q-1-CSC with
cR479 low flow isolation adapter) through 3.0 mm
O.D.×1.5 mm I.D. Teflon tubing (Varian Associates,
Walnut Creek, CA; Part cR000020032). It exits the
pump through 2 m of 1.5 mm O.D.×0.5 mm I.D.
Teflon tubing (Part cR000020033), which is coiled
and immersed in a bath of methanol and dry-ice pellets
and contained within a Nalgene® Dewar vacuum flask.
The methanol/dry-ice mixture cools the flowing
methanol in the tube as low as −75°C. The chilled
methanol is then pumped onto and through the cry-
oloop that is in contact with the brain and, finally, back
to the reservoir. The coldest cryoloop temperatures are
reached by keeping the distance between the methanol/
dry ice bath and the cryoloop to a minimum. Distances

greater than 1 m should be avoided unless the delivery
tube is insulated.

(3) The temperature of the cryoloop is monitored by
the copper/constantan microthemocouple which is con-
nected to a digital thermometer. We have had great
success with both Sensortek (Clifton, NJ: Model
cBAT 9 or 12) and Omega Engineering (Stamford,
CT; Model cHH25TC) digital thermometers.

Cryoloop temperature is influenced by the tempera-
ture of the methanol when it reaches the cryoprobe, the
methanol flow rate, and the ability of the brain to
counteract the cooling effect. Thus, visual monitoring
of cryoprobe temperature and manual control of flow
rate is sufficient to maintain temperature at a desired
level 91°C for any length of time.

(4) Cooling deactivation is terminated by turning the
pump off. It is not necessary, or advised, to pump
warm methanol through the cryoloop. Brain tempera-
ture and cryoprobe temperature return to normal levels
within minutes, because of the constant infusion of
warm blood into the previously cooled tissue. Be aware
that at termination of cooling any frozen condensate on
the delivery tube thaws and may drip onto the equip-
ment or animal and startle or irritate it.

2.5. System maintenance

Overall, the system is easy to operate and maintain.
Useful precautions to take are to check tubing and
connectors for leaks, and to change the reservoir
methanol on a regular basis. About once per week is
adequate when the system is in high use. This precau-
tion keeps the methanol clean of small particles which
could possible block the cryoloop. Usually, application
of high pressure nitrogen is sufficient to expel any
blockage that might occur.

An additional preventative measure is to ensure that
animals are housed in a ‘cryoprobe friendly’ environ-
ment. For cats, individual caging should be avoided as
the cats often rub exposed parts of the cryoprobe
assembly on the sides of the cage or wire grating.
Group housing in large cages obviates this problem. If
individual housing is necessary, as with monkeys, the
wire mesh of the cage should be as wide as possible to
minimize the risk of probe becoming caught in a mesh
hole.

3. Structural and functional integrity of cortex

We have verified that the surgical procedures to
implant the cryoporobes, their presence in contact with
the cortex, or their operation disturbs neither the nor-
mal structural nor functional integrity of cortex. In
every instance cell and myelin stains are rich, and the
cyto- and myelo-architecture of the region are charac-

Fig. 4. The cryoloop cooling system. (a) Pump inlet and filter; (b) 1.5
mm i.d. Teflon tubing; (c) 0.8 mm i.d. Teflon tubing; (d) 0.5 mm i.d.
Teflon tubing; (e) tubing connector; (f) thermocouple connector; (g
and h) thermocouple wire; (i) heat-shrink Teflon tubing sheath; (j)
thermocouple; (k) cryoloop of 23 gauge stainless steel hypodermic
tubing. Reproduced from Salsbury and Horel (1983) with permission.
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Fig. 5. (A) Photomicrograph of a cresyl violet-stained coronal section to show the microstructure of the medial (left) and lateral (right) banks of
the middle suprasylvian sulcus of the cat. The impressions formed on the cortical surface by the cooling probe are evident. Overall, distortion is
minimal, and cortical layers are readily identifiable. Circles represent the size and potion of the cooling probe in cross section. No mechanical or
cooling damage is evident. (B) Nearby section stained for cytochrome oxidase activity. Small depressions in the cortical surface indicate position
of the cooling probe loop (black circles). Left is medial. Scale bar, 2 mm.

teristic of the region with no signs of pathology, as
might be revealed by a marked pale staining of neu-
rons or gliosis (Fig. 5A), or light staining of cy-
tochrome oxidase (Fig. 3B). Cytochrome oxidase is a
sensitive marker for pathology, abnormal functioning
cortex, and for demarcating lesions (Pasternak and
Merrigan, 1994). The only evidence of the presence of
probes in contact with cortex is small impressions on
the cortical surface where the cortex abutted the cry-
oprobe (Fig. 5B).

Electrophysiological procedures verify normal neu-
ronal responses in the vicinity of the cryoloop and
show the effects of the cooling on neurons. For exam-
ple, Fig. 6 shows three visually responsive neurons
activated by a a visual stimulus swept to and fro
across the neurons’ aggregate receptive field in a cat
which experienced more than 100 coolings over a 6
month period. A visual stimulus moved to and fro
across the neurons’ aggregate receptive field reliably
activated the neurons while the probe and adjacent
brain region were warm, but when the chilled
methanol was circulated through the cryoloop (ON)
the temperature of the cryoloop fell rapidly and the
neurons were silenced. They remained silent for the
duration of the cooling. When the chilled methanol
circulation was halted (OFF) the temperature of the
cryoprobe climbed in response to the active warming
effects of fresh blood perfusing the adjacent cortex. As
the cortex warms, neuronal activity returns, to reveal
the reversibility of the cooling effect. At this point it is

important to note that the temperature registered at
the cryoloop microthermocouple lags cortical tempera-
ture by 2–3 min.

Fig. 7 shows conventional histograms of two simul-
taneously assayed neurons in the middle suprasylvian
cortex of cat. Histological verification showed that
these neurons were located in layer III. With the cry-
oprobe and cortex at 38°C, both neurons gave vigor-
ous responses to a visual stimulus. During cooling of
the probe to 8°C the visually evoked activity was
silenced. However, for one neuron some residual, en-
dogenous activity remained. We have seen similar
residual, endogenous activity on several occassions. As
above, the effects of the cooling are completely re-
versible.

During cooling of cryoloops to even 0°C afferent
axons remain active. This observations shows that
cooling does not impede action potential transmission
in axons and, presumably, the principal effect of the
cooling is to slow synaptic mechanisms sufficiently to
block synaptic transmission, and the cooling results in
inactivation of postsynaptic neurons. In some in-
stances, the silencing of cortical neurons revealed the
existence of lower amplitude extracellular action po-
tentials generated by axons, which were previously ob-
scured by the larger potentials generated by cell
bodies. Transmission of action potentials in white mat-
ter underlying cooled cortex is completely unimpeded
by cooling at the pial surface.
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Fig. 6. Action potentials of three neurons before, during, and after cooling of the cortex adjacent to the probe. Before cooling, action potentials
were generated to short bars moving to-and-fro across the receptive fields of the neurons. The bursts are synchronously linked to the to-and-fro
motion of the stimulus. When the probe was switched on, the numbers of evoked action potentials diminished until no activity was evoked; at
this point the neurons in MS cortex were silent. When the probe was switched off, neuronal activity rapidly returned and reached control levels
within about 1 min. Reproduced from Lomber et al. (1994) with permission.

4. Extent of deactivated cortex

Electrophysiological, thermal and metabolic mea-
sures may be used to obtain a reasonable estimate of
the extent of deactivated cortex. We have used all three
approaches, and each has its own advantages and
disadvantages.

4.1. Electrophysiological measures

As shown above, extracellular electrophysiological
recording methods provide the most direct and accurate
measure of neuron deactivation during cooling and,
superficially, it is very attractive for assessing the extent
of deactivated cortex. However, there are two major
factors mitigating its usefulness on a routine basis: (1)
A map of evoked and silenced activity at multiple loci
with its many cooling cycles is laborious and time
consuming to generate. (2) The large number of elec-
trode penetrations necessary to generate a sufficiently
detailed map of the deactivated cortex, tends to macer-
ate the tissue and make it unuseable for verifying the
integrity of cooled cortex post mortem. Moreover, there
is a dependency on evoked activity because some neu-
rons and all afferent axons maintain some level of
activity when cooled (Fig. 7). For the latter, the activity
may be stimulus linked and may be considerable, but
can be ascribed to fibers based on the low amplitude,
short duration action potentials (Humphrey, 1979). In
the absence of close scrutiny, the afferent fiber activity
may be mistaken for neuronal activity and lead to
difficulty ascertaining whether a region is silenced or
not. Failure to attend to the latter two points leads to
a severe under estimation of the extent of deactivated
cortex.

4.2. Thermal measures

Thermal measurements also provide accurate esti-
mates of extent of deactivated cortex. However, accu-
rate estimates are critically dependent upon knowledge

of the temperature below which evoked neural activity
is silenced. In cat cerebral cortex and superior colliculus
we have used microthermocouples (Omega Engineer-
ing®, HYP-0-33-1-T-G-60-SMP-M) positioned adjacent
to tungsten electrodes to identify 20°C as the critical
temperature below which neurons fail to be activated
by afferent signals. Surprisingly, neuropil temperatures
above 24°C showed little diminution in evoked activity
(Fig. 8), there being a very steep gradient between 24
and 20°C along which the number of neuronal action
potentials progressively decreases even for vigorously
active neurons. These values conform with previous
measurements of Jasper et al. (1970) and Benita and
Conde (1972).

As with electrophysiological procedures, multiple
closely-spaced measurements are required for the most
accurate estimates of deactivated cortex. We have used
both single and custom-made arrays of microthermo-
couples to measure temperatures and then, following
histological reconstruction of microthermocouple
tracks, assigned temperatures to loci along the tracks,
and interpolated the course of the 20°C thermocline.
Neurons at positions between the 20°C thermocline and
the cryoloop are silenced by the cooling, whereas neu-
rons at more distant positions remain active. As can be
seen in Fig. 9, the effect of the cooling is extremely
restricted in extent being confined to 1.5–2.5 mm dis-
tance from the cryoloop even when cryoloop tempera-
ture is reduced to 1°C.

Even though temperature measurements are useful
and are easier to make than electrophysiological mea-
surements, there can be considerable tedium in taking
large numbers of measurements if coolings and rever-
sals are made for each cortical locus measured. As with
electrophysiological methods, a dense, accurate assess-
ment of deactivated cortex makes cortical tissue unuse-
able for histological inspection and verification of
structural integrity. However, in many instances, a
spacing of 1mm between microthermocouple tracks
gives sufficient resolution to obtain a reasonably accu-
rate map of the deactivated region with moderate to
good tissue preservation between tracks.
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Fig. 7. Histograms of visually-evoked neural activity from two neurons recorded simultaneously in layer III of posterior-middle suprasylvian visual
cortex of the cat before (left column), during (middle column) and after (right column) cooling of the probe to 8°C. Activity fully returned within
about 5 min following the termination of cooling. Arrows indicate relative directions of stimulus movement across the aggregate receptive field.

Thermal measures have other uses. They can provide
a measure of the rate of spread of cooling through
cortex. For example, Fig. 10, which is based on monkey
cortex data shows cortex starts to cool with a delay of
only some tens of seconds after a cooling pump is
switched on. Much of this delay is accounted for by the
time required for the chilled methanol to be transmitted
from the methanol/dry ice bath to the cryoloop, as well
as surmounting the inertial resistance to cooling by the
constant in-flow of warm blood into the target tissue.
Regardless of the basis for the delay, cortical tissue

adjacent to the cryoloop reaches a deactivating temper-
ature of 20°C within 10 s. However, for deep cortical
layers, at a depth of 1.3 mm, the deactivating tempera-
ture lags by approximately 1–2 min. Overall, in our
hands cortical thickness approximates the limit of cool-
ing deactivation accomplished with the cryoloop. Posi-
tions only 2 mm distance from the cryoloop are cooled
only slightly, and positions 5.6mm distance are com-
pletely unaffected by the cooling. Thus, cooling effects
are highly localised to the immediate 1-2mm vicinity of
the cryoloop.

After the initial delay, as temperature stabilizes, cool-
ing influences remain constant. At the termination of
cooling, and cessation of chilled methanol circulation,
temperature climbs very rapidly. However, 2-3 minutes
is required for temperatures at all distances from the
cryloop to return to normal body temperature. For the
cryoloop, the lag is largely accounted for by the ther-
mal inertia of the inert cryoloop, which is not actively
rewarmed by the immediate in flow of warm blood, as
is the case for the neuropil.

Knowledge of arterial vasculature is critical to the
accurate design of a deactivation experiment, because
arterial patterns contribute greatly to the region of
cortex deactivated. Contrary to popular belief, cooling
effects in cortex are spread actively by chilled blood
and not passively; they bear little or no resemblance to
temperature gradients measured in inert materials such
as agar or fixed brain tissue.

Clear assymmetries in cooling effects have been iden-
tified. For example, cooling probes inserted into the
middle suprasylvian sulcus of cat lie across branches of
the middle cerebral artery (Fig. 9). With this configura-
tion the cooling is exported further medially than later-

Fig. 8. Relationship of temperature measurements to visually evoked
neuronal activity. Recordings were made at four strongly visually
driven sites in middle suprasylvian visual cortex of the cat while the
cooling probe was turned either on or off. We used a 4-point scale
and classified visually-evoked neuronal activity as normal, strong,
weak or absent. At recording sites above 24°C, visually evoked
activity was strong and indistinguishable from that evoked at normal
body temperature (open circles). At recording site temperatures be-
tween 20 and 24°C, responses weakened in a graded fashion (partially
filled circles) until all visually driven activity was completely abolished
at a cortical temperature of 20°C or less (filled circles).
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Fig. 9. Position of a cryoloop in the posterior middle suprasylvian sulcus (MSs) and the extent of the deactivation that results when the cryoloop
is cooled to 1°C. Coronal sections (A) show how the cryoloop was placed in the sulcus in contact with both the medial and lateral banks and
the resulting deactivated region (white, B20°C). (B) Lateral view of the left hemisphere to show the site where the cooling tubes exited the sulcus,
the extent of the deactivation on the external surface (white), and position of the three coronal sections (i–iii). Note that the deactivation extends
further medial than lateral (white). Mg, marginal gyrus; MSg, middle suprasylvian gyrus; MEg, middle ectosylvian gyrus. Arrows indicate the
position of the cryoloop and tubes.

ally. In the lateral direction, the spread of cooling is
contained within 1.5mm of the cryloop by the constant
opposition of cooling by warm blood delivered to the
region by proximal arterial branches (relative to the
heart). In comparison, in the medial direction the
spread of cooling is facilitated by the normal flow of
blood away from the cryoloop and it extends for a
distance of upto 2.5 mm. These estimates are confirmed
by measures of reduced uptake of 2DG (Payne and
Lomber, 1999)

4.3. 2-Deoxyglucose measures

A most convenient way to estimate the extent of
deactivated cortex is to administer 2-deoxyglucose. The
only drawbacks with the method are the expense of the
2DG if a large animal is used, and the exercising of
precautions in handling radioactive compounds. How-
ever, the technique does have substantial advantages. It
provides excellent measures of neural activity levels
with considerable anatomical resolution, and it pro-
vides both on a global scale. Moreover, normal struc-
ture is preserved, and permits visual inspection of tissue
for signs of surgical or cooling-induced pathology.
These features offer considerable advantages over elec-
trophysiological and temperature assessments of the
extent of deactivated cortex.

Deoxyglucose is a direct marker of metabolic activ-
ity, and an indirect marker of neural activity (Sokoloff,
1981a,b). The premise of 2DG use in the present appli-
cation is based on the observation that highly metabol-
ically-active neurons consume more energy and take up
more glucose than less active neurons. Since cooling
silences evoked responses by neurons and depresses
metabolic activity several fold, little 2DG is taken up
by the silenced neurons compared to regions at normal
temperature and with normal levels of high activity.
Consequently, the deactivated region is identified as a
very pale region surrounded by dark gray, active tissue
in radiograms (Fig. 1 of Payne et al., 1996b; Fig. 1 of
Payne and Lomber, 1999). In accord with temperature
measurements, 2DG radiograms frequently reveal deac-
tivated regions positioned asymmetrically about the
cryoloop (Fig. 9). The dimensions of the asymmetry are
similar to those revealed by temperature measurements,
and reflect poistion of the cryoloop relative to the
underlying arterial vasculature.

In addition to defining the local, cooling impact
zone, the cooling modulates 2DG uptake at distant
sites in receipt of efferent projections from the cooled
cortex (Vanduffel et al., 1997). Comparisons with path-
way tracer studies show that the magnitude of the 2DG
modulation is not related linearly to the anatomical
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Fig. 10. Time to cool cortical tissue at different distances. Cryoloop temperature is indicated by the solid lines and cortical temperatures at
different distances from the cryoloop are indicated by the dashed lines.

strength of connection, but appears to provide a mea-
sure of the functional impact of efferent projections
(Vanduffel et al., 1997). This auxiliary use and its
relevance to studying the functional impact of connec-
tions is describe more fully in Payne and Lomber
(1999).

5. Application of cryoloop method to
electro-physiological and behavioral experiments

5.1. Applications

The cryoloop method for deactivating cortical tissue
has been demonstrated to be a simple and highly
effective method for investigating both neuronal inter-
actions using electrophysiological methods and the con-
tributions cerebral network components (and superior
colliculus) make to perception, cognition and sensori-
motor operations. In both cats and monkeys, cryoloops
have been implanted to repeatedly deactivate regions of
cerebral cortex or superior colliculus over long periods
of time. They have been used successfully to deactivate
surface regions (Horel, 1984, 1992, 1996; Lomber et al.,
1996a,b), cortex buried within sulci (Lomber et al.,
1994, 1996b, Payne et al., 1996a; Hupé et al., 1998),
and superior colliculus (Keating and Gooley, 1988;
Lomber and Payne, 1996; Payne et al., 1996a). More-
over, when multiple cryoprobes are implanted sophisti-
cated double, and triple, functional dissociations can be
made, and the cooling effects of adjacent cryoprobes
can be combined to deactivate large regions of cortex.
Overall, the use of multiple cryoprobes provides greater
flexibility, strengthens the design of experiments, and
minimizes the number of animals used in a study.

The time course of effects on individual neurons and
behavior differ. Electrophysiological recordings re-
vealed that neurons are silenced very quickly (B1 min)
after switching the cryoprobe on and that neurons are
activated again just as quickly after switching the cry-
oprobe off. In contrast, behavioral impairments take
somewhat longer to appear and disappear when cooling
is initiated or terminated. The difference in speed with
which cooling effects become manifest for neurons and
for behaviors is probably linked to the differences in
the circuits affected. For individual neurons, the circuits
affected are the afferent inputs and local circuitry. In
contrast, impairments in behavior are accomplished by
both local silencing of neurons beneath the cryoloop
and removal of efferent signals normally transmitted to
other parts of the brain. It seems likely that the silenc-
ing of a single neuron’s activity is simpler and easier to
accomplish compared to the abolition of a behavior
which requires the silencing of large populations of
neurons and the elimination of substantial numbers of
efferent signals.

6. Knowledge derived from cooling deactivations

6.1. Complete deficits

It is important to recognize that the cooling does not
automatically reveal the contribution a deactivated re-
gion makes to behavior, but rather the capacity of
other brain regions to maintain the behavior in the
absence of the deactivated region. Little can be inferred
when behavioral performance is normal. However, a
region can be safely inferred as essential if performance
during cooling is reduced to chance levels or eliminated
entirely.
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Fig. 11. Visual orienting data from a cat which had cryoloops implanted for nearly 3 years. Left column shows a dorsal view of the cerebrum
and the positions of three cryoloops over the cortical surface. Left hemisphere contained one posterior-middle suprasylvian (pMS) sulcal cryoloop.
Right hemisphere contained a mirror symmetric pMS cortex cryoloop and an anterior-middle suprasylvian (aMS) sulcal cryoloop. Middle and
right columns show behavioral performance within 1 week and following 2.75 years after implantation, respectively. (A) Unilateral deactivation
of pMS results in a profound neglect of stimuli introduced into the contracooled visual hemifield (Lomber and Payne, 1996; Payne et al., 1996a).
(B) The additional cooling of pMS cortex in the contralateral hemisphere restores visual orienting responses into the previously neglected hemifield
(Lomber and Payne, 1996). (C) The additional cooling of an adjacent, non-mirror symmetric, site in the opposite hemisphere, such as aMS does
not result in a restoration of orienting responses. The results in all three of these testing conditions were virtually identical regardless of the length
of time after implantation (compare middle and right columns).

This point is emphasized by the ability of a cat to
detect and orient toward a stimulus during unilateral
and bilateral deactivation of posterior middle suprasyl-
vian (pMS) cortex. Unilateral deactivation of pMS
cortex induces a neglect of stimuli presented in the
hemifield contralateral to the cooling. It might be ex-
pected that with bilateral cooling of pMS cortex would
result in neglect of stimuli presented anywhere in the
visual field. In fact, the exact opposite result is ob-
tained, and the addition of the second pMS cooling in
the opposite hemisphere reverses the deficit induced by
unilateral cooling (Fig. 11; Lomber and Payne, 1996).
The restitution is highly specific to homotopic cortex
because operation of a second cooling probe at an
asymmetric position in contact with aMS cortex, or

other sites, does not reverse the unilateral neglect.
Importantly, the deficit induced by unilateral cooling of
pMS cortex and its reversal do not attenuate over either
time or large numbers of deactivations because they are
as strong and as reproducible 3 years after the initial
deactivation and reversal was carried out (Fig. 11).

6.2. Incomplete deficits

The inferences that can be made when there is an
incomplete impairment are more difficult to reach. Par-
tial reduction in performance may occur because of
shared processing properties between the deactivated
region and another region or incomplete deactivation
of one single region. In many instances, the latter can
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be tested by increasing the cooling effect by lowering
probe temperature and deactivating a larger volume of
cortex or by addition of cooling of an adjacent
cryprobe. In either case, an increase in the magnitude
of the deficit reveals an initial incomplete block. This is
a very useful strategy for maximising the deficits and
increasing statistical reliability. Another factor that may
lead to incomplete blockade is that the task is not
sufficiently difficult. For example, with the maximum
size of probes we use, we have been unable to impair
discriminations of differences in the direction of mo-
tions between two patterns when the difference in direc-
tion is 45° or more. In contrast, differences of 30° are
readily impaired by cooling parts of middle suprasyl-
vian cortex (Lomber et al., 1996a).

6.3. Neural compensations

Importantly, under most conditions the cooling
method precludes neural compensations, which fre-
quently accompany lesion deactivations. These compen-
sations mask the original lesion-induced deficits (see
Payne et al. (1996b) for examples and discussion). The
dominant factor distinguishing the lesion and cooling
deactivations is likely to be the duration of the deacti-
vation. Following lesions, animals live permanently
with the neural defect and there is considerable oppor-
tunity for prolonged interactions between the animal
with the defect and the environment. These interactions
may result in modifications in remaining circuitry that
reduce the severity of the handicap. In contrast, these
same influences have little time to act on the nervous
system during cooling, which occupies only 5–10% or
less of each day, and there is little or no strengthening
of secondary circuits. Further, any compensatory
changes initiated during brief cumulative cooling peri-
ods do not seem to accumulate over repeated cooling
sessions, because either the changes are very minor or
they are reversed during the much longer intervals
when the brain is functioning normally.

Support for the above supposition is provided by
evidence showing that under certain circumstances cats
are able to learn certain form discriminations while
cortex is cooled for prolonged periods. However, this
‘compensation’ can only be demonstrated for form
discriminations in which the discriminanda differ in
multiple ways, and if the discrimination engram is
firmly established prior to cooling deactivation
(Lomber et al., 1996b). In this instance, the initial
cooling deficit may be one of access to the engram, and
it is this initial access difficulty which is overcome with
training during cooling It should not be confused with
new learning, per se, of the form discriminations. Re-
gardless of interpretation, these results provide evidence
for plasticity in the cerebral network for signals and
processing to circumvent the deactivated region.

6.4. Laminar contributions to beha6ior

So far, both lesion and cooling studies have concen-
trated on deactivating regions in the two dimensional
sheet of the cortex. Recent evidence suggests that it
may also be profitable to use cooling to attempt to
dissect laminar contributions to visually-guided behav-
iors. For example, cooling of a pMS cryoprobe to
8–9°C is sufficient to completely impair discriminations
of differences in movement direction of 30°, but has
virtually no impact on the ability of a cat to orient to a
stimulus appearing in the cat’s visual periphery. Perfor-
mance of this latter task is only abolished when the
cryoloop temperature is reduced to 3°C (Fig. 12A).
Subsequent temperature measurements made when the
cryoloop is at 8–9°C reveal that the 20°C thermocline
is positioned at the level of the middle cortical layers,
indicating that the superficial layers 1–3 are deacti-
vated. In contrast, when the cryoloop is cooled to 3°C,
the 20°C thermocline is positioned at the level of the
gray/white matter interface, indicating that all layers
are deactivated (Fig. 12B). The inferences from these
results are that the superficial layers contribute impor-
tantly to motion discriminations and have little or no
effect upon detection of and orienting toward stimuli,
which is subserved by neurons located in the deeper
layers.

7. Recommended supplementary procedures in
behavioral studies

Finally, we recommend that during and at the end of
the testing phase that periodic and terminal checks on
behavior and cooling be carried out. Some of these
supplementary procedures can also be applied in elec-
trophysiological studies.

7.1. Periodic checks

We recommend that behavioral tests be repeated at
intervals to verify constancy of behaviors and cooling-
induced deficits over time. A supplementary step can be
to implant arrays of microthermocouples into cortex in
the vicinity of the cooling probes to verify constancy of
cortical cooling across test sessions.

7.2. Terminal checks

At the end of behavioral testing, we recommend
assigning animals to subgroups to verify cooling in-
duced deactivation using electrophysiological methods
or map the deactivated region of cortex with microther-
mocouples or 2-deoxy-14C-glucose (2DG; Payne and
Lomber, 1999). Finally, a critical step in our view is to
carry out histological procedures to verify the absence
of damage from regions in contact with the cryoprobe.
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Fig. 12. (A) Behavioral performance from four cats on two tasks during cooling of a posterior-middle suprasylvian (pMS) sulcal cryoloop to
different temperatures. While performing a direction of motion task (black squares), no impairment was identified for cryoloop temperatures
]12°C. However, performance fell to chance levels for all cats when cryoloop temperature dropped to about 8°C. While performing a visual
orienting task (black circles), little or no impairment was identified for cryoloop temperatures ]8°C. However, performance was completely
impaired when cryoloop temperatures dropped to 3°C. (B) Just prior to sacrifice, the extent of pMS cortex deactivated at cryoloop temperatures
of 8° and 3°C was recorded. At a cryoloop temperature of 8°C, cortical temperatures B20°C were recorded throughout layers I, II and the
superficial 2/3’s of layer III (dark stipple). Temperatures between 20 and 24°C were recorded in deep layer III and superficial layer IV (light
stipple). Therefore, layers I and II and superficial III were fully deactivated and deep III and superficial IV were partially deactivated (see Fig.
8). However, at a cryoloop temperature of 3°C, the full extent of pMS cortex was B20°C and fully deactivated (dark stipple). Therefore, only
the superficial layers needed to be deactivated to produce an impairment on the direction of motion task, while the deep layers also had to be
deactivated in order to produce an impairment on the visual orienting task.

(1) Electrophysiology: Routine electrophysiological
methods (Payne, 1990) are used to verify cooling deacti-
vation of neuronal activity and determine directly the
laminar and spatial extent of the cortical area deacti-
vated (e.g. Lomber et al., 1994, 1996b; Payne et al.,
1996b). Objective measures of cooling induced deacti-
vation are obtained using Brainwave Systems’ ‘Discov-
ery’ software to collect multiple channels of
extracellular spike activity (e.g. Lomber et al., 1994,
1996a; Mendola and Payne, 1993; Payne et al., 1991,

1996b), and calculation of a cooling block: normal ratio
(B:N ratio, Malpeli, 1983). When B:N=0, neurons are
silenced during cooling; when B:NB1, activity is di-
minished; and when B:N=1, there is no change in
activity during cooling.

(2) Thermoclines: Multiple tracks with micro-ther-
mocouples, single or an array of four, are made to map
thermoclines and temperature gradients in the vicinity
of the cooled probes. The tracks are reconstructed in
histological sections, and positions with temperatures of
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520°C identified. The envelope enclosing these sites
represents the area silenced (e.g. Figs. 7, 8 and 10 in
Lomber et al., 1996b; Fig. 11 in Lomber and Payne,
1998).

8. Conclusion

The cryoloop cooling deactivation has many advan-
tages over other deactivation techniques. It is adaptable
to both the size and shape of the brain region to be
deactivated, it requires only a modest cost and it is easy
to maintain. Furthermore, the system can be used in
large animals such as monkeys and cats, and it can be
adapted for use in small animals such as rats and
hamsters.
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