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1. Introduction

1.1.The stress response

Heat shock is the effect caused by exposing a cell or organism to a temperature that is higher

than ideal body temperature. Exposure to heat shock/heat stress causes a response that is

similar in bacteria, plants, and mammals ([1] & reviewed by [2]). Resistance to heat stress is

capacitated by heat shock proteins (HSPs) [3], molecular chaperones that maintain

proteostasis by destabilizing protein aggregates and promoting protein folding and sorting

[4–6]. During heat shock, transcription and translation of most proteins is inhibited. The

HSPs, however, are defined by their enhanced expression after heat shock (reviewed in [7]).

Some HSPs, predominantly the large, ATP-dependent chaperones of the hsp70 and hsp90

families, show constitutive expression and have roles in development as well as stress

response [8,9]. Others HSPs, mostly the small, monomeric hsp-16 family, are induced by

and function during stress [7,10–13]. HSP-reporter proteins now serve as rheostats for stress

induction [14–17]

Increased lifespan and an organism's ability to withstand stress tend to be positively

correlated [18–20, 21] as many long-lived strains of animals are more resistant than wild-

type to a variety of stresses, including heat (reviewed in [13], radiation [22], or oxidative

damage [23–25]. The reverse is also true as stress resistance genes have been used to

identify novel longevity mutants [26]. In fact, in C. elegans, ~80% of genes that promoted

thermotolerance also increased lifespan by >15% [27]. This has led many in the field to

view aging as an organismal stress.

Because heat shock responses are conserved across species and because there is a growing

interest in how stress responses are integrated to affect lifespan, healthspan, and disease

pathology, use of this technique is widespread. Since most laboratories have access to the

tools to induce heat stress, scores of papers are published each year that employ this

technique. Nevertheless, during our efforts to initiate such studies in C. elegans, we found

the available literature sorely lacking in consistent protocols. This, combined with running
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into serious barriers to reproducibility, led us to examine every aspect of our heat shock

procedure and to devise detailed protocols that can be adapted by any lab.

1.2. Heat shock and hormesis

Hormesis is a phenomenon by which a mild stress predisposes an organism with resistance

to a subsequent and more extreme stress [28]. The mild stress can bestow increased

resistance both to the stressor to which the organism was originally exposed and to a variety

of different stressors and toxins (reviewed in [29,30]). To cite just two examples:

Drosophila exposed to radiation [31], and C elegans exposed to the metabolic inhibitor,

sodium azide [32] increased survival following a subsequent acute heat shocks.

Mild exposure to stress has been shown to impinge on—and indeed, slow down—the aging

process [18,33–35]. The observations that HSPs accumulate in response to various stresses

[16] and during aging [36–38], that mutations that alter HSP expression influence lifespan

[39], and that HSP expression can be predictive of lifespan [17] have led to the model that

the perdurance of HSPs (and other proteins) from an initial stress exposure will be protective

when an organism is exposed to subsequent insults [40–43].

Nevertheless, our understanding of hormesis and the inter-relationship between different

stresses is still quite limited. It is precisely the breadth of stresses capable of causing a

hormetic effect that underscores the importance for precise protocols in heat shock

experiments. The technical difficulties that plague heat stress experiments are potentially

even more problematic when considering hormesis due to the added complication of

determining the appropriate timing between exposures to the mild and acute stresses. A

recent review of the hormetic effect of heat stress on longevity across multiple species found

that both the temperatures and the timing of the mild and acute heat stresses impacted the

magnitude of the response [44].

1.3 Heat shock in C. elegans

C. elegans can grow and reproduce at temperatures from 12°-26°C. Interestingly, growth

rates differ more than 2-fold between 16°C and 25°C and whereas animals are viable at

26°C, they are not sustainable at 27°C and are most fecund at temperatures near 16°C [45].

Similar to other organisms, even slight increases from maintenance temperature can elicit

the response of HSPs. By using microwaves to increase the temperature of a worm from

26.0°C to 26.2°C, one group showed that this relatively small change was enough to

increase the expression of an hsp-16 reporter [46]. As worms have great utility as a simple

model system to study aging as well as other complex human diseases (reviewed by [27])

and, as thermotolerance and aging have been linked in many studies (described above), heat

shock experiments are a great tool for the worm researcher. Unfortunately, choosing a

protocol is fraught with complications.

Scanning the literature, one will find many variations in heat shock protocols: with different

labs preferring different exposure temperatures and times, different media for exposure, and

differently aged worms. In part, these differences may be explained by a desire to study

different outcomes, e.g. survival versus lethargy versus gene expression. However, even for
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the same outcome, different protocols are frequently employed. For instance, if one wants to

know how heat tolerance differs in a new genetic background compared to wild type worms,

early adult worms are often used (see [19,47,48] for examples). However, use of larval

stages is not uncommon; for example, one group used L2 worms to study the involvement of

skn-1 in the stress response [48](see [37] for another example).

Some of the differences in protocols are attributable to inherent problems in incubator

design that prevent precise control of the heat stress temperature. Although the published

protocols are a useful starting point, the lack of standardization makes it difficult to compare

results across laboratories and presents a quandary when initiating these studies in one's own

laboratory. In the text that follows, we discuss the wide range of variables that can influence

heat shock responses and how protocol standardization can address these issues.

2. Considerations for HS experiments

2.1. Choosing the right temperature

C. elegans is exquisitely sensitive to temperature. Biological functions including growth,

fecundity, behavior, and longevity are affected by changes in temperature: even a 0.2°C

change in temperature can be sensed by the worm and alter its behavior [46]; less than a 2°C

change in growth temperature can alter protein homeostasis as demonstrated when worms

shifted from 25° to 26.5°C accumulated aggregates of the meiotic synaptonemal complex

proteins [49]; and allowing worms to develop at 25.5°C instead of 25°C will result in

sterility [42]. With regard to acute heat exposure, C. elegans manifest differential responses

depending on the duration and timing of exposure. This extreme sensitivity to temperature

underscores the need to carefully consider the temperature used in heat shock experiments.

Throughout the literature, the parameters used for heat shock differ between labs. Although,

35°C is most often used for acute heat stress [16,19], examples of other temperatures crop

up frequently (e.g. 32°C [50,51]; 33°C [52]; 37°C [53]; 38°C [1,54]; 40°C [53]). We chose

37°C for our heat stress experiments for several reasons. First, historically 37°C was the

temperature used to analyze the induction of HSPs in different organisms e.g. [53,55].

Second, acute exposure at this temperature is short enough that the worms do not have time

to develop to a new stage during the course of the treatment. Finally and conveniently, at

37°C the lethal dose occurs within 3 hours for all growth stages, which allows a heat shock

regimen to be easily conducted in a day.

2.2. Liquid versus solid medium

Heat shock experiments can be done in pre-warmed liquid medium, on pre-warmed agar

plates (with or without food), or by moving growth plates into an incubator at a higher

temperature. Each method has its advantages, however, we have found that moving the

worms as little as possible reduces unintended stresses on the worms.

2.2.1. Considerations for heat shock in liquid medium—With pre-warmed liquid

medium, worms are washed off plates with room temperature buffer, allowed to settle, and

the medium replaced with pre-warmed buffer at the desired temperature. The worms then

remain in liquid for the duration of the exposure. Unfortunately, this method has two
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disadvantages: 1) Maintaining nematodes in liquid culture changes the lifespan, metabolic

rate, and growth rate of worms compared to worms maintained on agar [56]. As even brief

daily periods of swimming in liquid in animals otherwise reared on plates can extend

lifespan (M. Driscoll, unpublished results), it is very likely that being kept in liquid medium

during the course of an experiment will have a complex relationship with heat stress; 2)

Liquid culturing requires significant manipulation of the worms as they are washed from

their original medium, rinsed, and moved again at the end of the experiment. Each transfer

can physically damage worms and/or cause significant population attrition due to handling

errors (e.g. sticking to plastic tubes and pipettes). The damage incurred can alter results

either by inducing a hormetic response or by pre-stressing the animals and enhancing

response to the subsequent heat shock.

Liquid culture is however the ideal option for severe heat stress where the time of exposure

is less than 1 hour. A good example was recently published by the Tavernarakis lab [57],

where they describe a hormetic 34°/39°C protocol that mimics heat stroke. We note that

protocols for liquid exposure differ between labs but that many labs are now using PCR

machines to maintain tube/liquid temperature during the course of exposure. Since worms

tend to stick to plastic, we recommend a vast excess of animals be used in these studies.

Liquid culturing is an option for large-scale screening [58], despite the concerns related to

altered physiology on plates versus in liquid. Using a Copas biosorter (Union Biometrica

Inc., Holliston, MA), individual worms can be distributed into wells containing different

compounds or RNAi clones and the liquid temperature precisely controlled in a

thermocycler. SYTOX Green (ThermoFisher Scientific, Waltham, MA) can be included in

the medium and fluorometric readings taken every half hour to assess mortality. Because

thermotolerance curves vary between experiments [58], controls must be included on each

384 well plate as absolute values cannot be compared between assays.

2.2.2. Considerations for heat shock on pre-warmed agar plates—Experimental

protocols using pre-warmed plates have the advantage of rapidly getting the animals to the

desired temperature. However, these protocols also require significant manipulation, usually

washing large populations of animals off plates and into liquid before plating onto pre-

warmed plates Thus, these protocols are fraught with the problems described above for

liquid exposure (Section 2.2.1). For smaller populations of experimental animals, they can

be rapidly “picked” onto pre-warmed plates. However, this limits the scope of any

experiment to the number of worms and plates that can be picked in a reasonable amount of

time and also creates significant variability resulting from the time required to passage the

worms. Testing pre-warmed plates immediately out of the incubator, we observed a drop of

1°C in temperature within one minute and of 5°C within 5 minutes (data not shown).

Maintaining a uniform temperature across the plates therefore is extremely challenging due

to differences in ambient lab temperature.

2.2.3. Heat shock on seeded agar plates—In order to circumvent the problems

created by moving worms more than necessary, we prefer keeping the worms on the same

plate throughout an experiment. When plates are moved from room temperature, generally

between 21° and 23°C, into an incubator or water bath with a higher temperature (in our
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case 37°C), the agar increases in temperature gradually. The temperature increases quickly

at first, then slows and ultimately requires about three hours to fully equilibrate (Figure 1).

This procedure is scalable as up to several hundred animals can be grown on each plate and

numerous plates can be placed in the incubator at one time. Because of time required for the

plates to get to temperature, this method cannot be used for heat stroke models which

require shorter amounts of time at higher temperatures [57].

2.3. Duration of Heat Shock

Heat shock is most often used to investigate the resistance to heat stress wherein percent

survival is the measurable output. Figure 2A provides a time course of survival data for

different larval stages following exposure to 37°C (see also Section 2.5 below). These

results were the basis for our decision to perform the vast majority of our experiments on

late L4 worms with a 2.0-hour exposure at 37°C. The expected 15-20% survival of wild-

type worms allows enough plasticity to see significant differences when comparing

populations that may experience either increased or decreased survival.

When setting up hormetic heat shock experiments choosing a temperature for the mild heat

stress requires a bit more nuance. The timing should not be so long that any of the worms

are killed by the treatment, but must be long enough to induce a stress response. If worms

are being maintained on seeded plates, the timing of the heat stress must also be long enough

for the plates to come up to temperature in the incubator. In our experiments, a 60-minute

mild heat stress produced no detectable hormetic response while 90 minutes elicited a good

response, but killed 5-10% of the exposed worms. For our purposes we have achieved

reproducible results when worms are exposed for 75 minutes to 34°C: this temperature is

strong enough to induce a hormetic response, yet allows all of the treated worms survive.

2.4. Incubator Setup

2.4.1. Temperature Gradients—Because incubators rely either on built-in fans or

passive heat transfer, we find that almost all incubators have temperature gradients from top

to bottom and/or front to back. Depending on the design of the incubator and the severity of

the temperature differential, these gradients can be overcome. Front-to-back gradients can be

caused by either low airflow or poor insulation in and around the door of the incubator. The

airflow problem is common in many incubators and can be overcome by additional fan(s).

However, if the gradient is too extreme, generally more than three or four degrees, the

problem may be insurmountable, as too much airflow has the potential to dry out plates

during the course of an experiment. Further, if the problem is the door, such as we

encountered with a TriTech DigiTherm incubator, correcting the gradient may be even more

difficult. If cooler air is constantly finding its way into the incubator, it becomes nearly

impossible to sustain a constant temperature. By retrofitting our incubator with “thermal

packaging” and a small fan, we maximize air exchange from pre-warmed objects and

eliminate temperature gradients inside the incubator Figure 3. Although we show our Forma

Scientific model 3327 water-jacketed incubator, the same approach works for many makes,

models, and sizes.
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Heat shock can also be accomplished by placing parafilmed plates directly into a water bath

(the plates will float). Although water loses temperature much more slowly than air, similar

to frozen pierogies added to boiling water, the transfer of plates to a pre-heated water bath

will cause the water to cool down. Obviously, the effect is only significant when multiple

plates are used. Though our experience using water baths for heat shock is admittedly

limited, our trials with heat exchange in incubators (and trial and error when designing our

own reliably reproducible protocols) leads us to suggest using a large, circulating water bath.

This type of equipment should limit temperature gradients in the water and at the air-water

interface and increase reproducibility. The chief issue with the water bath method is

differences in ambient air temperature that will complicate maintaining temperature at the

water/air interface: This may lead to substantially different heating times from one

experiment to the next. Water baths are also limited by available space and are not ideal for

multi-well plates, such as used in large-scale screens. For these reasons, we favor the use of

dedicated incubators for heat shock studies.

2.4.2. Air Exchange—It is important to know how the temperature in your incubator

changes every time the door is opened and how the incubator recovers from this change.

Incubators with both heating and cooling capabilities will sometimes overshoot the

temperature and compensate by blowing cold air into the unit. If this cold air is coming into

direct contact with the plated worms, it will be difficult to know if the plates are coming up

to temperature. We recommend using incubators without the cooling feature or, if possible,

turning off the cooling compressor during heat shock experiments.

When the door of the incubator is opened, the majority of the air inside the incubator is

rapidly (<5 seconds) exchanged with the room temperature air outside. Thus, placing the

incubator in a room maintained at or near the desired temperature would be ideal.

Unfortunately, many laboratories do not have the luxury of warm rooms. Therefore, great

care must be taken to ensure rapid heating of the air within the incubator itself in order to

restore the desired (heat stress) temperature.

The equation, Q = ha(ΔT), where Q is the rate of heat transfer, h is the heat transfer

coefficient for your medium, a is the surface area, and ΔT is the difference in temperature

between desired temperature and initial temperature, reveals that the time required to

increase the air temperature in the incubator following closing the door is proportional to the

surface area of the objects in the incubator that are at the higher temperature, how many

degrees the temperature must change, and the rate of heat exchange between the air and the

objects. Thus, methods that call for using insulated boxes or lidded plastic containers within

incubators increase the time for equilibration and are not recommended. Placing plates into

containers within the incubator should only be considered for long-term heat exposures (>12

hours).

What the equation above clearly demonstrates is that increasing the warm surface area inside

the incubator would significantly decrease the time it takes to reach the desired temperature.

We found that using solid freezer bricks to fill as much of the unused space in the incubator

as possible increases the amount of surface area at the desired temperature. The surface area

is only increased significantly if the freezer bricks lean against each other much like a house
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of cards (Figure 3). This way, even though all the air may be exchanged each time the door

is opened, a battery-operated fan at the bottom of the incubator is able to move air

sufficiently to bring the temperature back up to 37°C in less than three minutes. For us,

using the incubator shown in Figure 3, this was a huge improvement over the 3-5 hours

required to return to temperature when it was mostly empty.

Before heat shock experiments are commenced, it may be advantageous to find absolute

values for the timing of plate dynamics experimentally with a calibrated thermocouple, such

as can be purchased from Omega Engineering (model HH506RA). We accomplished this by

inserting the thermocouple probes through a hole in the lid of a seeded, agar plate and

placing one probe at the surface of the agar while embedding the other in the agar.

Everything was held in place with tape and the plate was placed onto a 37°C gel pad in the

incubator. The thermocouple probes will not allow the plate to be completely covered, but

smaller gel pads can be placed carefully around the probes to cover the plate as well as

possible. The probes should be long enough to allow the digital thermometer to be left

outside of the incubator for recording temperature manually or for connection with a

computer for automatic readings.

To facilitate heat transfer to the agar plates, we keep a gelatinous, 2 cm thick pad on the

bottom of the shelf designated for heat shock experiments (See section 3.1). Four

thermometers surround the gelatinous pad, one at each corner, to verify before each

experiment that there are no temperature gradients on the shelf. Experimental plates are

placed directly onto the gel pad and covered with a second gel pad for the duration of the

experiment. As previously mentioned, it is rarely appropriate to put worm plates into any

type of container before going into the incubator, as this limits airflow. Stacking plates

before putting them into the incubator should also be avoided as this affects heat transfer.

The pockets of room-temperature air trapped within the plates will be warmed at

inconsistent rates if some plates are contacted on either side by other room-temperature

plates while others directly contact the warm air in the incubator.

2.5. Age/Developmental Stage

The effect of heat shock differs markedly throughout the life cycle of C. elegans. Figure 2A

and 2B shows survival rates of N2 worms throughout the life cycle at 37°C in the incubator

set-up described above. Resistance to heat shock is highest in L1/L2 larvae and lowest in L4.

However, heat stress also causes a developmental delay that may confound experiments,

especially in younger worms. We have observed L1 worms that did not reach adulthood for

up to 4 days following heat shock. In addition to the profound differences by stage of the

worm, we have found dramatic differences in survival within stages, e.g. early versus late

L4 can have up to 3-fold difference in survival.

The L4 stage in the life cycle of C elegans can be broken down into 6 stages based largely

on development of the gonad [59]. When resistance to heat stress is measured at each sub-

stage of L4, later L4 worms survive better than earlier L4 worms. Although very late L4

worms performed best in our hands, we use “late” rather than “very late” L4s, in our

standard protocol due to concern that with very late L4 we were more likely to accidentally

heat shock worms that were close to, or in the process of, molting.
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Adult worms are often used for heat shock experiments, with 1-4 day-old adults showing up

most often in our literature searches. However, we observe significant differences in

thermotolerance at different adult ages (Figure 2B). Although the nature of these differences

is unknown, one could hypothesize that they may be due to differences in fecundity or to

age-related deterioration of proteostasis which may start as early as day 2 of adulthood [60].

In addition, since stress resistance may vary based on circadian rhythms in C. elegans [61],

the time of day that experiments are performed could influence the variance between

experiments. These observations underscore the importance of carefully controlling the

staging of heat shocked and control animals whether an experiment involves larval or adult

worms. We have found that a relatively short egg-lay (1.5-2 hours) allows us to attain well-

synchronized populations with limited exposure to other stressors.

2.6. When to score survival

A search of the literature reveals protocols where worms are scored immediately [19], 6-8

hours [39], and 16-18 hours post-heat shock [57]. Unfortunately, more often than not, there

is no clear indication of when worms were scored for survival. Because heat shock makes

animals lethargic and they will appear lighter in color, visual inspection of worms

immediately after heat shock is not a reliable determinant of their ultimate survival. In

addition, we have found that these worms to be more fragile than non-stressed animals as

they can be easily damaged in touch assays. In addition, worms that respond to touch

immediately after heat shock often do not survive much longer and rarely lay viable eggs

before dying. Thus, during this early time period, worms that for all physiologically relevant

purposes did not survive the heat stress may be scored as alive.

We have found that 12-14 hours post-heat shock, worms (maintained in a 20°C incubator)

can reliably be assayed for viability. By this time point, many dead worms appear swollen

and are often oddly oriented. The remaining worms can be readily tested for tap response

and pharyngeal pumping. Twelve hours post heat shock is sufficient time to be confident

that the surviving worms will continue to grow and survive and, depending on the extent of

heat shock, produce progeny.

2.7. Food source

Changes in the growth [62], behavior [63], fecundity [64] and longevity [65] of C. elegans

have been reported on different food sources. Likewise, we have noticed that changes in

food source can affect the survival to heat shock (unpublished data). Although we have

noticed only slight effects when using the same strain of bacteria, for best results, we

recommend standardizing the timing of seeding plates prior to use and being diligent

regarding contamination.

Standardization of plate thickness and age, as well as the size and age of the bacterial lawn,

should be done to ensure reproducibility between experiments. We have found that 14 ml of

nematode growth medium (NGM) agar in standard, vented 6 cm plate works best. Plates are

poured and allowed two days to dry at room temperature before seeding >65% of the plate

with OP50. The bacterial lawn is dried overnight and seeded plates are stored at 4°C for up

to 5 days prior to use. Although freshly seeded plates are ideal, we have found no
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differences in heat stress responses between new plates and those stored for up to 1 month.

Thus far, when plates are stored unseeded at 4°C for many months we have not found

appreciable differences in heat shock response.

2.8. Synchronizing populations

While it is convenient to synchronize worms using bleach preparations; this method can be

quite stressful on the embryos, as evidenced by hatching rates below 99%. This is likely due

to the time required to remove the bleach after “popping”, which also leads to variability

between trials. The stress of a bleach preparation has the potential to cause a hormetic

response in the worms that will increase their resistance to heat stress (Figure 4). We have

found that animals hatched from bleach-prepped embryos may exhibit a 20-30% increase in

survival following heat shock compared to worms from laid eggs (Figure 4). We have also

observed that the resultant bleach prepped worms are less synchronous than a 1.5-2 hour

egg-lay plate and that variation in L4 age can affect heat sensitivity (data not shown). For

these reasons, we favor allowing adults to lay eggs directly onto seeded plates.

2.9. Population Density

Finally, one must consider the number of worms on each plate during any given experiment.

Failure to take note of the number of worms on a plate can destroy any hope of

reproducibility. In our hands, 6 cm plates with 800-1,000 L4 larvae survived at 37°C better

than similarly staged worms where only 150-200 worms were plated. Fortuitously, 150-200

worms/plate has given us reproducible results and is a reasonable number of worms to

expect on a plate using our egg-lay protocol (described in Section 3.2.1).

3. Heat Shock Protocols

3.1 Preparing your incubator

The gelatinous pads used both to maintain the temperature of the incubator after opening

and closing the door and to give the agar plates a pre-warmed place to sit are easy to

assemble. We opted for a low-tech option, as heated pads were often equipped with power

cords that would have needed an external outlet, potentially affecting the seal and insulation

around the door. To assemble our gelatinous pads, we emptied the contents of room

temperature, non-toxic freezer packs into resealable plastic bags until the bag was 2 cm thick

when flattened. The pads pictured in Figure 3 are 27×27 cm bags, but we have used other

sizes to fit the space available in other incubators. Alternatively, one could use gelatin or

agar flakes (purchased from supermarket) or re-melted old agarose gels (~0.7% agarose

would be ideal). We do not recommend heat-sealed bags as air bubbles coalesce over time

and would be difficult to remove.

When setting up an incubator as described in Section 2.4.2 the incubator will take 1-2 days

to equilibrate due to the time required to bring all the solid material to the desired

temperature. Small battery-powered fans, such as Travelon Personal Fan (Style#12267), are

an inexpensive and low profile option for increasing airflow in the incubators. These small

fans do not have power cords; consequently, they can be used in all types of incubators

without affecting seals and they allow the user to control airflow in different regions of the
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incubator. We strongly recommend extra sets of rechargeable batteries to eliminate

downtime of the incubator. We cannot emphasize enough the necessity of monitoring the

incubators with multiple thermometers. We recommend placing four liquid-embedded

thermometers at each corner of the desired shelf to control for temperature gradients across

the incubator. We have used H-B instrument's FRIO-Temp liquid in glass thermometers

(catalog #20403C-RMD) with good results. This style of thermometer has a relatively small

footprint, is easy to read at a distance, and the liquid provided changes quickly with ambient

air temperature.

3.2. Protocols on seeded plates

3.2.1. Basic 37°C Heat Shock Protocol—Move 20 adult, day 1-2 gravid worms onto

uniformly seeded NGM plates with equal amounts of agar in each.

Allow the worms to lay eggs for 1.5 hours.

Pick off all the adults (count as you pick them off to ensure all have been removed). Take

care to not disturb the eggs. 30-60 minutes later, confirm that all adults have been removed.

Because worms may crawl onto the side of the plate, we recommend starting several

additional plates per experiment: Plates with even one adult left behind overnight will lbe

useless for your experiment.

Maintain plates at 20°C.

At 20°C, the late L4 stage should be 56-58 hours post egg-lay. However, just as significant

effort was made to get the heat shock incubators to have uniform temperature, most common

incubators (Percival, ThermoFisher, Thomas) suffer from temperature gradients. Therefore,

one needs to determine experimentally the exact timing of the L4-adult molt at a given spot

within your incubator and choose a time point approximately 2 hours prior to enrich for late

L4s.

Note: if you are growing multiple plates, be aware that stack effects occur: plates at the top

and bottom of the stack may be at different temperatures compared to plates in between. We

recommend “buffer” plates at top and bottom to ensure even growth.

Prior to heat shock, confirm the stage of the animals using a stereomicroscope. Large, dark

L4s are a good read-out of the late L4 stage. A reasonable effort should be made to remove/

pick off worms that are not at the desired developmental stage.

At least 30 minutes prior to the start of the heat shock, the fan should be turned on in the

incubator. This eliminates pre-existing temperature gradients within the incubator.

When moving plates into the incubator, open the door of the incubator as little as possible

and remove the fan to reduce the flux of cold air over our warmed incubator surfaces.

Place experimental plates onto a pre-warmed gel pad and place a second pre-warmed gel

pad on top of them.

Replace the fan and close the door immediately.
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At least one control plate should be left at 20°C.

Remove plates after 2 hours. Two hours at 37°C will kill most, but not all, wild-type N2

worms and should allow for a significant surviving population of experimental worms. If

you prefer to compare your experimental worms to near 100% death in wild-type worms,

leave the plates in the incubator for an additional 30-60 minutes.

Following heat shock, allow the plates to sit in a single layer on the bench top for at least 20

minutes to recover. Although we have not gone to great pains to define this step, plates

should not be left outside the 20°C incubator for longer than necessary.

Return plates to the 20°C incubator overnight.

Score worms for survival 12-14 hours post-heat shock as described in Section 2.6.

When scoring live worms it is helpful to divide the plate into horizontal sections by drawing

six lines on the bottom of the plate using an ultra fine-tipped, red marker. If possible, score

the worms with the lid of the plate on, as this will allow you to tap the plate from above, if

necessary, to stimulate movement in a worm that may look alive but is not moving. Tapping

from the top rather than tapping the whole plate against the surface of the stereomicroscope

will make it easier to keep track of your place on the plate while counting. If you are still not

sure about the status of a worm, use touch to verify.

Training yourself to recognize dead worms can be done by shocking plates of worms at

37°C for 30 minutes or three hours. 99-100% of N2 wild-type worms will survive 30

minutes on a plate at 37°C, while most will not survive the three-hour heat shock.

3.2.2. Hormetic 34°C Mild Heat Shock Followed by 37°C Acute Heat Shock
Protocol—Before beginning this experiment it is important to note that you may need two

incubators that are appropriately prepared for heat shock experiments. This is because the

large volume of warm material in each incubator takes a long time to equilibrate to a new

temperature.

Prepare the mild heat shock plates as described above for a basic 37°C heat shock. Briefly,

move 20 gravid, adult worms onto as many uniform, seeded plates as necessary.

Allow adults to lay eggs for 1.5-2 hours and pick off.

Maintain the plates at 20°C to allow eggs to develop.

56-58 hours later, check that your worms are late L4 stage.

Move experimental plates onto a pre-warmed gel pad in the 34°C incubator with a pre-

warmed gel pad on top of them. At least one control plate should be left at 20°C.

Remove plates after 75 minutes. Allow the plates to sit in a single layer on the bench top, at

least 20 minutes, to recover.

Move the plates back to the 20°C incubator.
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Twelve hours later, perform the 37°C heat shock as described above.

Score the worms for survival 12-14 hours post acute heat shock. 12 hours of recovery time

between the mild and acute heat treatments mimics a previously published protocol [66] and

is long enough for the L4 worms that we are interested in to reach adulthood.

4. Conclusion

Heat shock is a widely used method within the C. elegans community to study the impact of

stress on physiology, behavior, fecundity and survival. Because heat shock is inexpensive

and requires little additional equipment, it is frequently used to study the interrelationships

between different types of stresses and their impact on lifespan. Nevertheless, getting

reproducible results with heat shock can be tricky as numerous parameters impact the

results. We show differential sensitivity to heat stress during larval development and into

adulthood. We also show that different methods of worm preparation can cause mild stress

that attenuates the heat shock response. These results underscore the importance of

controlling for the age of the worm, the extent of synchronization, the worms’ prior life

histories (bleach prepped or laid), and the number of worms. Here we emphasize numerous

other details of worm growth that can impinge on these parameters from the thickness and

age of the bacterial lawn they are grown on to the type of food they are eating. Importantly,

we also provide a detailed discussion of major issues in incubator design and an inexpensive

method for overcoming problems in heating found in most incubators. We have found that

these efforts allow us to attain reliable and reproducible results for heat shock of nematodes.
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Figure 1.
Changes in agar temperature with time. Agar plates moved from a maintenance temperature

(e.g. 20°C) to a 37°C incubator do not come immediately up to the temperature of the

incubator. The most dramatic increase in temperature occurs within the first 5 minutes. Time

-1 = room temperature immediately before being placed into the incubator, time 0 =

immediately after being placed onto the pre-warmed gel pad and covered with other warm

gel pads as well as possible without disturbing the thermocouple probes. Temperatures were

recorded using a thermocouple attached to a digital thermometer (Omega Engineering model

HH506RA).
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Figure 2.
Life stage differences in heat shock responsiveness. (A) Survival was compared by scoring

percent (%) survival of N2 wild-type worms at each larval stage. Worm growth plates were

removed from 37°C as indicated. Three or four plates/ time point were counted for each

developmental stage. L1 and L2 survival was assessed 2 days post-HS (Since HS causes a

developmental delay, allowing worms to fully recover increased our confidence that only

worms that will ultimately survive to adulthood and produce offspring were counted). L3

and L4 survival was assessed 12 -14 hours post-HS. There are no significant differences

from 1.0 to 2.5 hrs when L1 worms are exposed to 37°C. Differences in survival following
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heat shock are significant beginning at 1.5 hrs of exposure to 37°C (compare L1 to L3 and

L4, P=0.008 & 0.014, respectively, one-way ANOVA w/ Bonferroni correction). (B)

Differences in survival of adult N2, wild-type worms when comparing worms exposed to

1.5 hours at 37°C at Day 1, 2, 3, or 4 of adulthood [71, 95, 119, 143 hours post egg-lay,

respectively). Two plates were prepared as described in (A) for each age tested. Survival of

day 1 worms is significantly different from day 2 and day 4 worms (P=0.02 and 0.02,

respectively). Comparing day 1 to day 3 worms (P=0.054), they are not significantly

different, but this is likely due to the small sample size in this experiment. Note: 1.5 hours

was chosen for this experiment to ensure no plate had 0% survival.
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Figure 3.
Incubator set up for heat shock experiments. The image below shows our efforts to get as

much warm surface area as possible into the incubator. Shown is a Forma Scientific water-

jacketed, stacked incubator, model 3327. The top shelf was chosen for the experimental

space because, without the fan running, it was the shelf that most frequently stayed at the

temperature set on the incubator. The middle shelf tended to be lower than desired and the

bottom shelf lower still. Although this was less than a 1°C difference from top to bottom,

that can be enough to affect the outcome of an experiment. The bottom shelf has a desktop
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file organizer filled with gelatinous freezer packs and a small battery-operated fan. The gel

pad on the second shelf is used on top of the experimental plates during heat shock.
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Figure 4.
Differences in survival following heat shock when eggs are laid directly onto plates

compared with bleach-prepped eggs. Laid-egg plates were prepared as described in Section

3.2.1. Bleach-prepped eggs were prepared using a Wormbook protocol for decontaminating

worm stocks [67]. The worms described as short bleach-prep were in lysis buffer

approximately 10.5 minutes, only long enough for the worms to lyse, spin down, and be

rinsed. The long bleach-prep worms were left in lysis buffer a total of approximately 14.5

minutes. Five plates were prepared for each condition and placed into a 37°C incubator for

1.5 hours as described in Section 3.2.1. 1.5 hours was chosen for this experiment instead of

two to make sure no plates had 0% survival. The number of worms/plate ranged from 63 to

180 with an average of 105 worms/plate. Mean survival on the laid-egg plates was 21% and

is significantly different from the short bleach-prepped plates, which had a mean survival of

45% and the long bleach-prepped plates, which had a mean survival of 52% (P=0.0359 and

0.0039, respectively, one-way ANOVA w/ Tukey's multiple comparison test).
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