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Abstract 

Several stresses to tissues including hyperthermia, ischemia, mechanical trauma 

and heavy metals have been demonstrated to affect the regulation of a subset of the 

family of heat shock proteins of70kOa (hsp70). In several organisms following some of 

these traumas, the levels of hsp70 mRNA and proteins are dramatically upregulated. 

However, the effects of the stress on limb and tail amputation in the newt Notophthalmus 

viridescens, involving mechanical tissue damage, have not adequately been examined. 

In the present study, three techniques were utilized to quantitate the levels of 

hsp70 mRNA and protein in the tissues of the forelimbs and tails of newts during the 

early post-traumatic events following surgical resection of these:: appendages. These 

included quantitative Western blotting of proteins separated by both one and two-

dimensional SDS-polyacrylamide gel electrophoresis and quantitative Northern blot 
I 

analysis of total RNA. 

In tissues of both the limb and tail one hour after amputation, there were no 

significant differences in the levels of hsp70 protein measured by one-dimensional SOS-

PAGE followed by Western blotting, when compared to the levels measured in the 

unamputated limb. A 30 minute heat shock at 35°C failed to elicit an increase in the 

levels of hsp70 protein in these tissues. Further analysis using the more sensitive 20 

PAGE separation of stump tissue proteins revealed that at least some of the five hsp70 

isoforms of the newt may be differentially regulated in limbs and tails in response to 

trauma. It appears also that amputation of the tail and limb tissues leads to slight 
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elevation in the levels of HSP70 mRNA when compared to those of their respective 
~ 

unstressed tissues. 
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Introduction 

The heat shock response was first studied in 1962 by Ritossa using Drosophila 

melanogaster. This response is a physiological reaction induced by numerous stresses 

which reduces tissue damage at a cellular level. It is now demonstrated to be important 

because of its universality (from bacterium to man); and the conservation in structure and 

function of its translational products, the heat shoc_k proteins (hsps). The hsps have been 

intensively studied and have been classed in different families according to their 

molecular weights: the large hsps family (100 to IlOkDa), the hsp90 family (83 to 

90kDa), the hsp70 family (66 to 78kDa), the hsp60 family (58 to 60kDa) and the small 

hsps family (15 to 30kDa) (Burdon, 1986). The most abundant families are the hsp90, 

hsp70 and the small hsps (Pelham, 1985). 

During times of stress including heat shock, mechanical trauma, glucose , 

starvation, ischemia, etc., different rates of increased hsp synthesis result in order to 

prevent denaturation of proteins. Following heat shock in the cockroach Periplaneta 

americana, the appearance of hsp70, hsp83 and hsp28 proteins have been observed in the 

nerve cord tissues. Hsp70 and hsp28 appear 15 minutes after heat shock, while it takes 

fifteen extra minutes for the synthesis ofhsp83 (Ruder et aI., 1989). In a previous study, 

Currie and White (1981) sliced rat tissues originating from several organs and observed 

here again, the rapid synthesis of hsp70 proteins. 

These proteins alsQ. demonstrate several roles during normal development. These 

include folding and assembly of newly synthesized proteins and translocation of proteins 

to subcellular compartments (Ang et aI., 1991). The HSP70 family, for instance has been 
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observed to be one of the first zygotic genes expressed in mammalian embryos as early as 
,; 

the two-cell stage during mouse embryogenesis (Morimoto and Milarski, 1990). 

Given the fact that hsps are important in development and are expressed in 

heat shock proteins in response to limb amputation and regeneration. It is possible that 

amputation-induced expression of hsps or similar proteins might provide an environment 

permissive for regeneration, perhaps by preventing the formation of a fibrocellular scar 

as normally occurs in most vertebrates as a wounding response (Stocum, 1991). 

. Evidence supporting such a role for hsps in limb regeneration comes from studies 

demonstrating that retinoic acid (RA), a chemical which can alter limb pattern elements 

when applied exogenously (Stocum, 199]), has also been observed to elicit an increased 

production of heat shock proteins in limb tissues during regeneration (Carlone et aI., 
, 

1993). 

In preliminary studies, Carlone and Fraser (1989) observed an apparent decrease 

in the levels of hsp70 compared to unamputated limbs on Western blots ofSDS-

polyacrylamide gels, as early as one hour foHowing the amputation of forelimb tissues. 

On the other hand, the hsp70 levels in amputated tails were observed to be similar to the 

control tissues (unstressed forelimbs). However, no rigorous quantitative densitometric 

analyses of these data were performed. The objectives of this thesis were, therefore, 1) to 

measure the levels of accumulation ofhsp70 protein as well as different isofonns of 

hsp70 (Carlone et aI., 1993) in the forelimb and tail tissues of the newt Notophthalmus 
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viridescens in response to the trauma of amputation, and 2) to measure the .. 

concentrations ofHSP70 mRNA in those same tissues, following mechanical trauma. 

) -
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Literature review 

The stages of regeneration of the amphibian limb 

In the late 1800's, the scientific community believed that regeneration ofurodele 
, 

amphibian limbs arose directly from remaining tissues of the limb stump. For instance, 

muscle produced more muscle (Carlson, 1975). However, it was demonstrated that 

regeneration originated from undifferentiated cells at the tip of the stump beneath the 

wound epidermis (Stocum, 1984). It is now known that limb regeneration involves three 

phases including: wound healing and dedifferentiation (wound healing to late 

dedifferentiation stages), accumulation of undifferentiated cells (blastema) and blastema 

growth (moderate early bud to medium bud stages), and finally differentiation and 

morphogenesis (late bud to late digits stages) (Iten and Bryant, 1973). During the first 

phase, two to three minutes following amputation, blood clots fonn at the amputation 
, 

surface in order to close the wound. Granulocytes, erythrocytes and some lymphocytes 

originate from severed blood vessels (Schmidt, 1968). Twenty-four hours later, the distal 

part of the stump becomes swollen and is covered with a layer of epidennis which is 

thicker than the surrounding epidennis of the limb (see Figure 1). This layer of cells, the 

wound epidennis, originates from both the migration of the peripheral epidermis and by 

mitotic activity within the epithelium (Schmidt, 1968). Between 6 to 8 days after 

amputation (early dedifferentiation stage) the layer of epidennis becomes thickened and 

dedifferentiation of stump tissues occurs. During the late dedifferentiation stage (8-11 

days following amputation) the end of the stump becomes rounded due to an 

accumulation of epidennis of 8-15 cells thick (Iten and Bryant, 1973). Dedifferentiation 



Figure 1. The stages of newt limb regeneration. The diagrams represent the different 
regeneration stages of a limb which has been amputated through the distal third of the 
humerus (dorsal view) (after !ten and Bryant, 1973). 

Legend; 

Amp= limb stump following amputation 
WH= wound healing 
EDD= early dedifferentiation 
LDD= late dedifferentiation 
MEB= moderate early bud 
EB= early bud 
MB= medium bud 
LB= late bud 
Pal= palette 
ED= early digits 
MD= medium digits 
LD= late digits 

14 
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of stump cells leads to the formation of blastema cells, loosely filling the wound region. 

During the period between 10 to 14 days after amputatio~, a decrease in thickness of the 

\vound epidermis is observed (see Figure 1). The blastema at this stage is larger and 

capillaries are visible (Schmidt, 1968). The early bud stage is marked by the change of 

the rounded limb stump structure to a dome shaped one, and dedifferentiation continues. 

The blastema is seen to be much less loosely arranged in regions close to nerve endings 

(lten and Bryant, 1973). Between 14 to 20 days following amputation, the stump changes 

shape again to become cone-shaped and is characterized by the reduction of epidermal 

thickness (see Figure 1). Vascular channels with flowing blood within the dense 

. blastema are more visible. 

In the next phase (late bud stage), dedifferentiatIOn is terminated, chondrogenesis 

(j()f]nation of cartilage) first occurs in the proximal site or the blastema and a complete 

network of capillaries can be observed. During the palette stage (22 to 28 days following 

amputation), the limb stump appears flattened and assumes a paddle-like structure (see 

Figure I). Chondrogenesis of the radius and ulna occurs in the proximal region of the 

blastema. Four weeks following amputation (early digit stage) four digital projections 

separated by three interdigital grooves at the distal portion of the regenerating limb 

gradually appear (Schmidt, 1968). At this point, myogenesis (fonnation of muscle) 

begins in an area surrounding the developing radius and ulna. During the medium digit 

<;tage, the four digits continue to elongate at 30 to 35 days after amputation, and at 

am bient temperature most tissues of the regenerate become completely differentiated 

( see Figure I) (lten and Bryant, 1973). 
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In summary, as early as 12 hours following amputation, migrating epithelial cells 

originating from the tip of the limb stump, cover the wound and amass in the center to 

produce the apical ectodermal cap (AEC) (Repesh and Oberpriller, 1980). 

Dedifferentiated mesenchymal cells accumulate in the first two weeks and proliferate 

(presumably under the influence of the AEC and brachial nerves, see below) at the tip of 

the amputated limb below the wound epithelium, together forming the blastema 

(Wallace, 1981). During the final steps oflimb regeneration, the blastema elongates and 

the cells redifferentiate to generate the cartilage, connective tissues and muscle of the 

new structure (Iten and Bryant, 1973; Wallace, 1981). 

The stages of development of the vertebrate limb 

Early limb bud development in vertebrates is initiated by the mesoderm, a middle 

germ layer. Two sources of mesoderm have been suggested: the somatic mesoderm 

generating the limb muscle cells and lateral plate mesoderm producing connective tissues 

such as cartilage, dense .connective tissues (tendons and ligaments) and loose connective 

tissues (Christ et ai., 1977). The mesoderm is involved in the formation of a limb bud 

composed of undifferentiated mesenchymal cells and covered by a layer of ectoderm 

(Searles and Janner, 1971). Resulting from this accumulation of cells beneath the 

ectoderm in an anterior to posterior fashion a thickened apical ectodermal ridge (AER) is 

produced (see Figure 2). The functions ofthe AER include the promotion of 

mesenchymal growth, the maintenance of the mesenchymal cells in an undifferentiated 

state and the generation of positional information along the proximal-distal and 
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Figure 2. Diagram of a limb bud and the different limb axes. (A) A general model for the 
development of the vertebrate limb bud. The apical ectodermal ridge maintains the 
progress zone in an undifferentiated state. This structure secretes an apical ectodermal 
ridge maintenance factor which supports the activity of the apical ectodermal ridge. The 
different axes along the limb are also shown (after Mendelsohn et ai. , 1992). 

Legend; 

AER= apical ectodermal ridge 
AEMF= apical ectodermal ridge maintenance factor 
PZ= progress zone 
ZP A = zone of polarizing activity 

A= anterior axis 
D= distal axis 
Dr= dorsal axis 
p= posterior axis 
Pr= proximal axis 
V= ventral axis 
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anterior-posterior axes (Stocum and Dearlove, 1972; Saunders, 1977). The importance of 

the AER is observed in experiments in which its removal results in truncated limbs, the 

degree of which is dependent on the time of removal. Alternatively, a graft of an extra 

AER generates additional limb elements (Mendelsohn et aI., 1992). 

It has also been seen that the AER is involved in the contribution of growth 

signals (see below) for the limb bud mesenchyme, by maintaining a layer of adjacent 

cells in the mesoderm (the progress zone (PZ» undifferentiated and at a high 

proliferation rate (see Figure 2). During elongation of the limb, these cells proliferate 

and leave the PZ. The first cells migrating out of the PZ contribute to proximal 

structures while the others undergo continued cell division and fonn more distal 

structures (Gilbert, 1991). As the PZ releases an undefined apical ectodermal ridge 

maintenance factor (AEMF), it further sustains the AER and thus helps the limb bud to 

develop and elongate (see Figure 2). 

Finally, the last stage of development involves certain processes such as 

differentiation of the mesenchymal cells, cartilage fonnation and programmed cell death 

(Duboule, 1991). Once the mesenchymal cells have migrated distally, they change in 

shape and start secreting cartilaginous precursors which promote cartilage formation. 

Programmed cell death is believed to regulate the levels of mesenchymal cells available 

for precartilagenous condensations and might be involved in joint cavitation, therefore 

creating morphologically distinct digits (Milaire and Rooze, 1983). 
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Pattern formation in vertebrate limbs 

During development mesenchymal cells possess positional infonnation, meaning 

that they can "sense" their location within the whole organism. While cells are 

migrating, they create "positional disparities" in a tissue which are required for growth 

and pattern fonnation. In the absence of these disparities, growth is curtailed (Bryant and 

Muneoka, 1986; Bryant and Gardiner, 1992). Figure 2 demonstrates the three coordinate 

axes in which the limb bud develops, namely the anterior-posterior, dorsal-ventral and 

proximal-distal axes. An example of growth due to positional disparities occurs when 

posterior and anterior cells (see Figure 3) are confronted with each other. However, their 

cellular contribution to new limb outgrowth varies according to the organism. For 

instance, in higher vertebrates such as the chick, the contribution comes mostly (two 

thirds) from anterior cells (Bryant et aI., 1987; Bryant and Gardiner, 1992). In 

amphibians, both posterior and anterior cells are involved equally in the fonnation of the 

new limb. It has also been observed that the fonner (posterior) contributes to the dorsal 

part of the limb while the latter are involved in ventral limb pattern fonnation (Bryant 

and Muneoka, 1986). 

Studies on patterning in the chick limb bud by Saunders and Gasseling (1968) led 

to the zone of polarizing activity (ZPA) model explaining limb development (see 

Figure 2). This model assumes that a region situated at the posterior margin of the limb 

bud, the zone of polarizing activity or ZP A, releases a diffusible morphogen (substance 

secreted by a group of cells and producing morphogenetic changes in another group of 

cells (Becker, 1986» which generates a concentration gradient across the limb bud in an 
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Figure 3. Diagram of growth due to positional disparities. Confrontations between 
different limb axes (see on the left) cause development and regeneration to occur (on the 
right) (after Bryant and Gardiner, 1992). i 

Legend; 

A= anterior axis 
p= posterior axis 
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anterior-posterior fashion . As a result, cells exposed to high a concentration of this 

, 
substance become specified as posterior cells while those in the presence of low levels 

become anterior cells. These cells also demonstrate a positional memory in that they do 

not require constant exposure to the morphogen to "remember" their positional 

:-:pecificatlon (Muneoka and Bryant, 1984; Bryant and Muneoka, 1986 ). 

Recently, more studies have been performed in order to obtain a better 

understanding of the ZPA model and to correlate with signals emanating from the apical 

ectoderma l ridge. Niswander et al.( 1993) showed that the introduction of fibroblast 

growth factors (FGFs) in mouse limb buds, could demonstrate a similar effect as the 

\[R. For instance, FGF-4 which is expressed in the posterior halfofthe AER is 

ieved to influence the PZ to proliferate and to preserve the patterning activities of 

Y'\ The ZPA in tum, releases a signal that maintains an active PZ (Niswander et aI., 

,l)93, 1994). Fallon et al. (1994) observed similar results when FGF-2 was introduced in 

. :1:.: ;:hick bud. Finally, Laufer et al. (1994) further demonstrated that although FGF-4 

tnl1uences signal s in the ZPA (i.e. Sonic hedgehog gene encodes secreted sib'11alling 

protei ns in embyos), Sonic hedgehog also regulates the expression of FGF-4. 

:lattcrn formation in regenerating limbs 

Foj lowing the studies on developing limbs, an interest 111 the understanding of 

,-;lttcrn formation in regenerating limbs of urodele amphi bians \\as generated. A mode l 

:':led the polar coordinate (PC) model was first discussed hy French et al. (1976) to 

' :pla ill a number of experimental results in which blastema displacements and rotations 
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with respect to stump tissues resulted in duplication ofpattem elements. This model is 

based on the idea that blastemal cells inherit positional information along the proximal

distal axis of the limb and around the limb circumference (see Figure 4A) from the 

parental limb cells. The limb can then be regenerated using the remaining positional 

memory following amputation. Therefore, these cells will relate with other cells to 

restore the missing positional values and produce localized growth as a result of 

positional discrepancies (Muneoka and Bryant, 1984; Muneoka and Sassoon, 1992). 

This distal growth is achieved by cells coming in contact at the tip of the regenerate and 

exhibiting different circumferential positional values. This produces cells with more 

distal positional values. This process is repeated several times in order to create a limb 

outgrowth which is circumferentially and distally integral (see Figure 4B) (Bryant and 

Muneoka, 1986). Results from an earlier study by Lheureux (1975) lend support to this 

model. It was observed that when skin and the core of the limb became X-irradiated and 

thus do not participate in regeneration, the limb did not rebTfOW (see Figure 5A). If only 

the core was X-irradiated, but full circumferential values were present, then regeneration 

occurred (see Figure 5B). Finally, it was found that a minimum of two positional axes 

had to be present in order to regenerate a limb (see Figure 5C, 50) (Lheureux, 1975). It 

is thus understood that termination of distal growth can be explained as fragmentation of 

the circumferential sequence at the digit bases. This fragmentation will create 

symmetrical digit circumferential axes thus arresting the process of regeneration (see 

Figure 5C) (Bryant and Gardiner, 1987). 
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Figure 4. The polar coordinate model. (A) Blastemal cells inherit positional information 
along the axis of the limb and around the limb circumference. (B) Distal outgrowth is 
achieved by cells coming in contact at the tip of the regenerate and exhibiting different 
circumferential positional values (After Bryant et aI., 1981). 

Legend; 

A. A-E= position along the limb proximal-distal axis 
1-12= position along the limb circumference 

B. *= circumferential intercalation 
A= old cells in a proximal level 
B= new cells in more distal level 

,. 
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Figure 5. Effects of positional disparities during regeneration. (A) When both skin and 
core of the limb are X-irradiated, limbs do not regenerat~. (B) If only the core is X
irradiated but full circumferential values are present then regeneration will occur. (C) If 
only the core is X-irradiated but full circumferential values are absent, limbs do not 
regenerate. (D) If only the core is X-irradiated and at least a minimum of two positional 
axes are present then regeneration will occur (after Lheureux, 1975). 

Legend; 

outer ring= skin 
inner ring= core of the limb 
hatched ring= X-irradiated tissues 
A= anterior axis 
D= dorsal axis 
p= proximal axis 
V= ventral axis 
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Differences and similarities between development and regeneration 

There are a number of similarities between the mechanisms underlying 

regeneration and development of the vertebrate limb. Similar patterns of development 

between various species of vertebrates exist. This was demonstrated when studies on 

xenoplastic grafting were performed on the chick wing bud (Muneoka and Bryant, ] 982). 

Posterior tissues (ZPA) obtained from the limb buds of several animals such as 

mammals, birds and reptiles were grafted to the anterior part of the chick wing bud and 

resulting in the development of normal limb tissues (from the above organisms). This 

indicates that similar developmental pattern mechanisms appear to be conserved in 

evolution among vertebrates (Muneoka and Bryant, 1982). 

Grafts where anterior and posterior tissues ofurodele and anuran amphibian 

(axolotl and Xenopus) limb buds were combined, have also been performed. These 

resulted in limbs containing anteriorly and posteriorly derived cells from both species 

(Sessions et aI., 1989). These results are in agreement with normal development of 

amphibian limb buds, where both types oftisssue contribute to the formation of the new 

limb. They also demonstrate that similar mechanisms underlie limb development in 

species with different evolutionary backgrounds. 

It has been found that during both development and regeneration, tissues such as 

dermis and muscle are extensively involved in pattern formation. These tissues are 

primarily composed of fibroblastic cells in the case of dermis and of myotubes, satellite 

cells and fibroblasts for muscles. In some experiments, it was shown that the ZPA is 

restricted to fibroblast cells (Bryant et aI., 1987). 
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It is also believed that fibroblasts are the major type of cells involved in pattern 

regulation. This suggests that in both processes, fibroblasts act as an initiator of 

patterning and later cause other cells to participate in the generation of the final pattern 

(Bryant et aI., 1987). Another similarity between development and regeneration is the 

truncation of limbs after the removal of the AER and AEC (development and 

regeneration, respectively) and the formation of supernumerary structures following the 

addition of an AER and AEC (Muneoka and Sassoon, 1992) Grafts confronting anterior 

and posterior cells in the limb bud or blastema both produce supernumerary structures 

(Fallon and Crosby, 1977). One study strongly supports the possible similarities in 

mechanisms between both processes. If supernumerary structures emanate from grafts 

combining tissues of both developing and regenerating limbs, it would be feasible to 

suggest that similar pattern mechanisms operate in both. Muneoka and Bryant (1982) 

used the axolotl Ambystoma mexicanum to verity this hypothesis. They obtained a 

regenerating forelimb blastema and a developing hindlimb bud of two animals. They 

then grafted the tissues to the opposite animal such that the regenerating axolotl received 

the hindlimb bud on its regenerating forelimb while the other individual acquired the 

hlastema on its developing hindlimb. In one series, the tissues were either grafted to 

parall el the anterior, posterior, dorsal and ventral tissues, thus preventing the creation of 

positional disparities. In a second experiment, the anterior and posterior sides of the 

tissues were grafted in apposition. No supernumerary structures, only normal limbs 

resulted in the case of the control series. For the latter series, supernumerary limbs 

composed of an equal number of cells derived from the limb bud and the blastema were 
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observed. These results support the hypothesis that as long as positional disparities 

between the limb axes exist, pattern fonnation will occur regardless of whether the graft 

is between bud-bud, blastema-blastema or bud-blastema since all these cells can interact 

cooperatively together. This suggests that development and regeneration proceed in a 

similar manner by using common pattern regulation mechanisms during limb outgrowth. 

Although the mechanisms responsible for pattern fonnation in developing and 

regenerating limbs between unrelated species appear similar, some differences are 

apparent. These result from some different properties and environments inherent within 

and around the limb bud and blastema cells. For instance, different factors are required 

for limb outgrowth. Signals originating from the ectodenn are needed during 

development, while factors derived from the wound epithelium and nerve supply are 

required in the case of regeneration (Stocum, 1991). However, it is important to note that 

regeneration does occur when mature urodele amphibians are depleted of a neural tube. 

This dependence on a nerve supply occurs only when the embryos are intact and during 

the early phase of regeneration possibly due to growth factors originating from this tissue 

(Singer, 1978; Bryant ami Gardiner, 1992). Another difference between development 

and regeneration according to Stocum (1991) is in the varying effects of retinoic acid 

(RA) on the limb bud and blastema (see below). First, the introduction of exogenous RA 

into developing organisms produces skeletal deletions in the limb bud. High 

concentrations of retinoic acid during development convert cells to a posterior 

specification. This creates no positional disparity, thus stopping outgrowth. Conversely, 

exogenous retinoic acid proximalizes cells in the blastema (Stocum, 1991). However, 
{ 
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duri ng regeneration, cells become continually dedifferentiated so that some anterior cells 

are sti II present to generate positional disparities and thus~ produce regenerated limb 

5trllctureS (Bryant and Gardiner, 1992). On the other hand, both ThalJer and Eichele 

I 1987) and Scadding and Maden ( 1994) observed elevated amounts of endogenous 

:d inoic ac id in the posterior region of chick wing buds (25 times) and Ambys/ofllu 

!l7CrlL'(llllllJl limb blastemas (5 times), respectively, when compared to the anterior 

port ions. These results would thus suggest that du~ to these simIlarities, common 

mechanisms must be present between the two processes even though as opposed to the 

limb bud. the blastema does not contain a ZPA structure. 

Th e effects of retinoic acid 

The role ofretinoic acid (RA), as a possible morphogcn onginating from the ZPA 

is also a topic of many recent studies. Before discussing these view points, the effects of 

:ilC application ofRA on developing limbs should be examined. During normal 

J c\elopment, endogenous RA appears to be important at several stages, including the 

dl\ is ion of the body axis into head, trunk and tail regions and in the fixation of posterior

\cntral-proximal specifications of flank mesenchymal cells during gastrulation (Bryant 

::nu Gardiner, 1992). Furthermore, iflow amounts of exogenous RA are introduced to a 

c.;p'~cifi c region such as the anterior portion of the limb, supernumerary digits result 

l~t~,am and Gardiner, 1987). On the other hand, it has been observed that elevated 

'(\!l(l.:ntrations of exogenous RA introduced in a fetus via the placenta, produce 



abnormalities in pattern formation during mammalian limb development (Bryant and 

Gardiner, 1992; Mendelsohn et aI., 1992). 

According to some studies, RA is believed to be the ZP A morphogen which 

produces morphogenetic changes in cells. This was proposed as a result of experiments 

using RA-soaked beads introduced under the anterior edge of the AER and generating 

pattern duplication (Tickle et aI., 1982; Summerbell, 1983; Bryant and Gardiner, 1992). 

However, other studies refute this hypothesis. For instance, Noji et al. (1991) observed 

the activation ofretinoic acid receptor 13 (RARj3) in the ZPA region following the 

introduction of a RA-soaked bead to anterior or posterior cells. They concluded that 

exogenous RA is different from the endogenous morphogen since the RAR-j3 is not 

expressed under normal development. 
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The effects ofRA during regeneration have also been shown to be similar to the 

ones seen during development in several cases. It is known that blastemal cells inherit a 

positional memory and give rise to structures distal to their position during regeneration. 

For instance, a wrist blastema produces a hand while a shoulder blastema generates an 

arm (Brockes, 1992). However, exogenous RA applied to the wound epidermis and 

mesenchymal blastema results in the formation of an entire arm from a wrist blastema 

(Brockes, 1994). Administration ofRA seems to demonstrate the ability to convert 

anterior blastemal cells to a posterior-proximal positional value and ventralizes and 

proximalizes the dorsal blastemal cells thus, duplicating structures along the 

proximal-distal axis (Stocum, 1991). Furthermore, according to Scadding and Maden 

(1994), levels of endogenous RA, in regenerating organisms, vary depending on the 
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location of these levels within the blastema. Their study on regenerating limbs of 

axolotls, Ambystoma mexicanum, demonstrated that approximately 14 days 

post-amputation, endogenous levels ofRA in posterior portions of blastemas appear to be 

increased five times in comparison to the anterior portions. Furthermore, in blastemas 

amputated at the distal radius ulna positions, an elevation of2.7 times in RA 

concentrations was observed when compared to those obtained from the proximal 

humerus level. 

Retinoic acid and heat shock proteins 

Retinoic acid is also known to cause other effects. Its application in Drosophila 

embryos at the stage of gastrulation, generates the synthesis of low molecular weight 

proteins identified as heat shock proteins (hsps) or stress proteins (Buzin and 

Bournais-Vardiabasis, 1984). These proteins help cell'S to survive under conditions of 

environmental stress (see below). Anson et al. (1987) observed the synthesis of these 

particular proteins following injection ofRA into pregnant dams (day 11 of gestation). 

They noticed on two-dimensional polyacrylamide gel autoradiographs, the presence of 

two 25kDa proteins (pIs of 5.8 and 6.4), one 84kDa protein (pI of7.0) and also the 

disappearance of non stress proteins in forelimb buds. These proteins are believed to be 

hsps since they demonstrate molecular weights, peptide map configurations and antigenic 

determinants common to the established hsps. 

Carlone et al. (1993) have also examined the effect ofRA on regenerating limbs 

of adult newts, Notophthalmus viridescens. They observed in regenerating forelimb 
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tissues six days post-injection ofRA, the increased synthesis of proteins with molecular 

weights of approximately 70 to 73kDa on one-dimensiomll SDS-PAGE gels. 

Tm)-dimensional gel electrophoresis of these same samples showed I) no accumulation 

of either the constitutive or indllcible forms of hsp70 proteins. 2) an increase in a 

unrelated heat-inducible protein of 73kDa with a pI of 6. 75 This protein although a 

heat shock protein by definition, appears to be unrelated to the hsp70-like family because 

n!" its more basic pI, its lack of cross-reactivity to a monoclonal antibody that recognizes 

the constitutive and inducible forms ofhsp70 (N-27) and its different partial peptide map 

when compared to established constitutive and inducible forms of hsp70 detected 

fo llowing heat shock treatments (Carlone et aI., 1993). 

These intriguing results might possibly lead to the idea that heat shock proteins 

·-,('come Invo lved in early post-traumatic events in limb regeneration and help in the 

:eestablishment ofpattem. It is however, necessary to obtain a better understanding of 

these HSPs before determining their functions in limb regeneration. 

T he heat shock proteins 

Certain proteins exist in organisms which allow them to tolerate environmental 

"tresses that might otherwise prove to be fatal. These stresses include heat, mechanical 

ln1uma. heavy-metal ions, arsenite, amino acid analogues, hydrogen peroxide, ethanol, 

~! ucose starvation , hypoxia, anoxia, viral infection, UV radiation, cytokines, ischemia 

Ij 'd cancer (Pelham, 1985; Morimoto et aI., 1990: Morimoto. 1993). Ritossa (1962) in 

.' ii'now/J!Il/u embryos, discovered putTs on the salivary gland chromosomes arising after 
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heat shock and treatment with dinitrophenol and sodium salicylate. When larvae raised 

at 25°C were further exposed to treatments at 30-32°C for 30 minutes, new puffs 

appeared on the chromosome. This phenomenon was also characterized by the puffs 

disappearance, one hour following heat shock. The translational products of these puffs 

were later identified as the heat shock proteins (hsps) (Tissieres et aI., 1974). 

This heat shock response is very significant due to its universality (from bacteria 

to man) and the conservation of structure and function of its translational products ( the 

different types ofhsps) (Pelham, 1985). Generally, the hsps are expressed by genes at all 

temperatures. Subsequent to stress, the rate of translation of transcripts from these genes 

increases and eventually decreases to normal levels following a certain period of time 

correlated to the intensity of stress, the exposure time and the type of organism. Certain 

forms of hsps are induced in most species following stress. These usually have 

molecular weights of 80-90kDa, 65-75kDa and 15-30kDa (Pelham, 1985). These 

proteins exhibit several roles in cellular phenomena such as protein folding and 

assembly, protection of cells from extreme environmental conditions, involvement in 

development, immune functions and aging (Vamvakopoulos, 1993). 

Another function of these stress proteins during normal conditions, involves the 

maintenance of an unfolded conformation of some polypeptides, to assist in crossing 

biological membranes (Ang et aI., 1991). Heat shock proteins are also required in the 

folding of these proteins to their normal oligomerization structure. 

On the other hand, during stress, hsps protect the proteins from being denaturated. 

If denaturation occurs, the hsps either interact with denatured proteins to decrease 
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fo rmation of aggregates and thus promote refolding to their active form or in certain 

cases present them to proteases (Gross et aI., 1990). 

Fam ilies of hsps 

The stress proteins are classified in different families according to their molecular 

weights. These include the large hsps (100 to 110kDa), the hsp90s (83 to 90kDa), the 

hsp70s (66 to 78kDa), the hsp60s (58 to 60kDa) and the small hsps (15 to 30kDa) 

(B urdon, 1986; Morimoto et aI., 1990). Furthermore, the eukaryotic hsp families contain 

subsets including the heat shock cognates (hsc) which are expressed constitutively, the 

heat shock proteins (hsp) that are expressed under conditions of stress, and the 

gl ucose-regulated proteins (grp). This last group are expressed constitutively, but also in 

tllgher concentrations following glucose starvation or treatment with heat, amino acid 

analogs or glycosylation inhibitors (Ang et aI., 1991; Hightower, 1991). 

The large hsp familv 

Mammalian cells produce 100 to llOkDa proteins, while yeast and plant cells 

generate 96kDa proteins, in response to various cellular stresses. Both are constitutively 

expressed and are glucose regulated. Immunohistochem ical studies have located the 

I OOkDa proteins to the Golgi . The 11 OkDa proteins are confined to the nucleus and 

associated with fibrillar components of nucleoli. It is known that ribosome assembly is 

lherrnosensitive and it is believed that hsp 110 proteins might contribute to this process 

i Lindquist. 1986; Lindquist 1988). 
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The hsp90 family (see Table 1) 

These proteins are observed in several diverse organisms such as Drosophila, 

yeast, chicken, mammals, trypanosomes and bacteria (Lindquist, 1988). The eukaryotic 
1 

and prokaryotic genes demonsvate approximately 40% similarity at the nucleotide level. 

Only one hsp90 homologue has been observed in E. coli and Drosophila (Becker and 

Craig, 1994). In yeast, two types of the hsp90 gene (HSC82 and HSP82) have been 

discovered. Deletion of both genes has proven to be lethal (Ang et aI., 1991). The hsp90 

proteins are generally localized in the cytoplasm of the cell but following heat shock 

some are translocated to the nucleus (Schlesinger, 1990). They are possibly involved in 

the modulation of the immune response, in the formation complexes with steroid 

hormone receptors (i.e. glucocorticoid, dioxin receptors), tyrosine kinases, eIF-2a 

kinases, yeast protein kinase C, tubulin and actin (Schlesinger, 1990; Vamvakopoulos, 

1993). In the case of the steroid hormone receptors that are in their free state, complexes 

are formed with hsp90, hsp70, hsp56, 50 and 25kDa proteins (see below). This 

interaction is believed to be important in the activation of the hormone-responsive 

conformation. Upon the arrival of the ligand, hsp90, hsp70, hsp56, 50 and 25kDa 

proteins dissociate from the receptors thus allowing the receptors to bind to DNA and 

activate transcription (Ang et aI., 1991; Becker and Craig, 1994). It is postulated that 

these hsps associate with steroid hormone receptors to prevent inappropriate interactions 

that might lead to the inactivation of the receptors before steroids have the chance to bind 

(Hightower, 1991). 
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Table 1. The Families of Heat Shock Proteins 

i Location Organism Hs~s Cofactors Function 

i hsp90 
Prokaryotes E. coli htpG --- function unknown. 

Cvtosol 
i 

Eukaryotes S. cerevisiae hsc82, promotes hormone response by the 
Cytosol hsp82 introduction of glucocorticoid 

receptor. 
Mammals hsp90 p59; hsp70 binds to steroid receptors and 

stabilizes the high ligand-binding 
form . 

Endoplasmic Mammals grp94 --- function unknown. 

i reticulum (hspIOO) 
hsp60 

Prokaryotes E. coli GroEL GroES phage assembly; stabilizes proteins 
Cytosol during HS. 

! 

Eukaryotes S. cerevisiae hsp60 hsplO folding and assembly of newly 
I 

! M itoc hondria imported proteins; prevents 
ag!:,'Tegation of heat-denatured 
mitochondrial proteins. 

Mammals hsp58 hsplO binds newly imported proteins. 

Chloroplasts Plants Cpn60 CpnlO assembly of ribulose bisphosphate 
carboxylase. 

; hsp70 
Prokaryotes E. coli DnaK DnaJ, stabilizes newly made proteins in 

Cytosol GrpE vivo; stimulates protein export; 
controls HS response. 

Eukarvotes 
Cytosol S. cerevisiae ssal-4p NEM- stimulates protein transport into 

sensitive ER, mitochondria, chloroplasts 
factor and nucleus; dissociates c1athrin 

Human hsc73 from coated vesicles. 
; 

Endoplasmic S. cerevisiae kar2p Sec63p promotes protein translocation into 
reticulum Mammals BiP/ --- ER. 

grp78 
['..,;l itochondria S. cerevisiae ssclp promotes protein translocation into 

mitochondria and subsequent 
folding. 

Chloroplasts P. sativum cthsp70 --- promotes insertion of light-
harvesting complex protein into 
thylakoid membrane. 
(after Hendrick and Hartl, 1993) 
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The hsp60 family (see Table 1) 

The hsp60 proteins, also called chaperonins, are found in prokaryotes and include 

E. coli GroEL. They are also present in the organelles of eukaryotic cells such as 

mitochondria (hsp60, in which its amino acid sequence is 54% identical to GroEL's) and 

chloroplasts (Cpn60 ) (Ang et aI., 1991; Gething and Sambrook, 1992). The chloroplast 

chaperonin is needed in the assembly ofribulose-bisphosphate carboxylase/oxygenase 

(rubisco), thus the origin of the name rubisco binding protein (Hendrick and Hartl, 1993). 

It has also been observed that hsp60 family members mediate the folding of nascent 

proteins and keep proteins in an unfolded state in order to cross membranes (Wiclmer et 

aI., 1991). During times of environmental stress, these proteins bind unfolded 

polypeptides to prevent aggregation into insoluble complexes due to inter or 

intramolecular interactions, thus resulting in the correct assembly of these polypeptides 

(Ang et aI., 1991). 

The small hsps 

These hsps proteins are produced by all organisms and the number is dependent 

on the species. For instance, D. melanogaster expresses hsp28, 26, 23 and 22 which have 

50% homology to each other. They are expressed during normal development between 

the late larval and early pupal stages (see below). However, following heat shock, they 

concentrate in nuclei where they associate with RNA and are also observed in small 

concentrations in the cytoplasm (Lindquist, 1986; Welch et aI., 1989). Furthermore, 

hsp30 proteins are believed to be involved in acquired thermotolerance (see below) 

(Lindquist, 1988; Tam et aI., 1992). 
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The hsp70 family (see Table 1) 

It is proposed that the first ancestral hsp70 startecl" with a 130 to 160 amino acid 

sequence comprising its present day N-terminal domain. Duplication and fusion of this 

do ma in with a C-tenninal domain has led to a structure observed in archaebacteria and 

gram-positive bacteria. Finally, a 25-27 amino acid fragment was inserted in the 

>.i-tcrminal end, generating the HSP70 gene widely distributed among present eukaryotes 

i Radhey and Singh, 1992). The heat shock proteins of 70kDa demonstrate an A TP 

bInd ing activity in the N-terminal fragment and peptide b111d111g region in the C-tenninal 

t:nd (Becker and Craig, 1994). A high degree of homology Od\vcen widely divergent 

:' peCles has been discovered. For example, the Drosop/ll/o hsp70 protein is 50% 

homologolls at the amino acid level with the F. coli and yeast hsp70 (Bond and 

'; ch k singer, 1987). The human hsp70 amino acid sequence \vas found to be 73% and 

-+ 7° " identical to Drosophila and E. coli hsp70 (1'.:. coil DnaK), respectively (Hunt and 

\ lof1moto, 1985; Lindquist, \986). 

n. melullogasler includes five to six copies of HSP70 genes (concentrated within 

nuc lei during heat shock) and one copy of the heat indUCIble HSP68 gene (Lindquist, 

' \)86). Seven other constitutive genes have also been observed. For instance, HSC70 

'('Jded by IiSC4) is located around the nucleus, HSC72 (coded by HSC3) and GRP78 

.ppear In the endoplasmic reticulum (ER). Following heat shock, hsp70 and hsc72 are 

;b~:en cd mostly \vithin the nucleus and also on cell membranes. During recoveI)' from 

. ~ ,:- :;lress, they are found to migrate back into the cytoplasm 

\. cerevisiue contains approximately nine genes related to HSP70: SSA 1-4, 
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SSBl-2, SSC] , SSDI and KAR2. SSAl, SSCl, SSDI and KAR2 expression become 

; 

elevated at 23°e. However, at higher temperatures (39°C), the levels increase three to 

ten fold. SSA2 transcript concentrations remain practically the same during normal or 

heat shock conditions. SSA3 and SSA4 transcript levels are relatively non-existent at 

growth temperatures, but increase dramatically following thermal stress. SSBI and SSB2 

expression is elevated at 23°C but rapidly decreases at 39°e. 

Human hsp70 protein family includes four proteins: hsp70 (constitutive and heat 

inducible), hsp72 (heat inducible only), p72 (high levels constitutively) and grp78 (also 

named BiP and observed in the ER). Furthermore, the number ofHSP70 related genes 

found in the human genome is believed to be at least ten (Lindquist, 1988). 

HSP70 genes are involved in several processes such as DNA replication, protein 

translocation across membranes, binding of proteins in the ER, mitochondria and 

, 
nucleus, uncoating of coated vesicles, cell proliferation by disruption of hydrophobic 

aggregates and assembly/disassembly of proteins and aggregates (Lindquist, 1988; 

Pee han, 1991). 

The hsp70 homologues, DnaK, DnaJ and GrpE are implicated in DNA replication 

of phage A and plasmid PI by converting the inactive form of Rep A to its active form 

(see below) (Gething and Sambrook, 1992). They are further involved in autoregulation 

of heat shock gene transcription and protection of E. coli RNA polymerase from thennal 

inactivation (Wichner et al., 1991; Hendrick and Hartl, 1993; Hartl et ai., 1994). 

Cytosolic hsp70 proteins are important in the synthesis, folding and secretion of 

proteins SSal-4p (Craig, 1990). Following heat shock, hsc70 and hsp70 proteins (in 
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mammalian cells) migrate from the cytoplasm to the nucleus and nucleolus in order to 

i 

interact with protein aggregates (Deshaies, et a\., 1988). Grp78 or BiP in mammalian 

cells and Kar2p in yeast found in the ER assist in protein folding and assembly. 

Mitochondrial hsp70 (Ssc 1 pin, 

S. cerevisiae) is involved in the transportation of unfolded proteins from the cytoplasm to 

mitochondria. Furthermore, mammalian hsc70 facilitates removal of c1athrin cages from 

coated vesicles involved in intracellular membrane transport (BraeH et a\., 1984; 

Lindquist, 1986; Lindquist, 1988). 

Hsps in development 

rn addition to their modes of action in times of cellular stress, hsps may playa 

regulatory role during development in a number of animal and plant groups. The degree 

to which hsps may contribute to normal development is dependent upon the organism. 

The presence and role of hsps in Volvox carteri are very unusual compared to 

their putative role in higher eukaryotes. They appear to be involved in the transition from 

asexual to sexual reproduction in Volvox. The heat shock proteins, following heat shock 

treatments generate a sexual inducer, a glycoprotein pheromone in the sexual male (and 

in the asexual females). This inducer is released with the spenn into the medium where 

it acts to induce the female gonidia to produce egg-bearing spheroids, so that 

embryogenesis can proceed (Bond and Schlesinger, 1987). 

During spomlation, which is triggered by starvation conditions (i.e. nitrogen 

deprivation) synthesis of hsp26, hsp83 and two proteins related to hsp70 takes place in 
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yeast. The role of these proteins is not yet understood and is believed to be involved both 

in developmental pathways and in the protection of the sporulating cells which are 

thermosensitive (Bond and Schlesinger, 1987). 

In Drosophila, four hsps proteins (hsp22, hsp23, hsp26 and hsp28) become 

activated by the developmental hormone, ecdysterone, in an embryonic cell line (Bond 

and Schlesinger, 1987). Hsp26 and hsp28 mRNA transcripts peak in early embryos, late 

third instar larvae and midpupae but are also expressed during oogenesis. Hsp23 

transcripts peak also during late third instar larvae and midpupae. Hsp22 transcripts 

increase less significantly in early embryos and midpupae. Hsp83 mRNA levels 

accumulate during oogenesis, then decrease as embryogenesis proceeds. Finally, hsp70 

cognates hscl, hsc2 and hsc4, the most abundant proteins in this organism, are found to 

be expressed very minimally during oogenesis and embryogenesis, except for hsc4 in 

which the transcripts are equally abundant in embryos, larvae and adults (Bond and 

Schlesinger, 1987). 

In Xenopus laevis, the cognate hsp70 is abundant in the oocyte but similarly to 

Drosophila, hsp70 is not induced until the late blastula stage (Morimoto and Milarski, 

1990). The small heat shock proteins (in particular hsp30) are expressed constitutively 

during development and do not become induced prior to the tadpole stage (Bond and 

Schlesinger, 1987). 

Hsp68 and hsp70 are observed early on at the two-cell egg stage during mouse 

embryogenesis (Morimoto and Milarski, 1990; Heikkila, 1993). Other heat shock 

prote ins appear in different tissues, in mouse embryos. For instance, hsp73 cognate and 
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hsp84, demonstrate similar levels in various tissues, except for skin where they become 

. 
lowered. On the other hand, the concentrations ofhsp71 and hsp25 appear elevated in 

stomach, intestine, colon and bladder (Tanguay et aI., 1993) Hsp~5 is also localized in 

muscle tissues, spinal cord neurons, bladder and lens (Gernold et aI, 1993). Finally, adult 

rabbit brains show elevated levels of constitutive hsp70 mRNA Il1 neuronal cell 

populations (Heikkila, 1993). 

Regulation of the prokaryotic heat shocli response 

In F. coli, the rpoH gene is transcribed constitutively by a 0 711-containing 

O(~i ym erase . Following trauma, this transcription is increased Furthermore, the rate of 

, :~insla t i on of the G 32 message which normally is repressed or very low, becomes 

j ~imed iately elevated (Schlesinger, 1990). The 0 ,2 factor (J regulatory element in the 

>J'..:rerial RNA polymerase) has the role of binding to core RNA polymerase and to direct 

ir:; ~lCti\i ty to heat shock promoters (Gross, et aI. , 1990). This type of response is 

. ';2refore transcriptionally regulated by an elevation in the concentration, efficiency and 

'labi lity of 0'2 (Lindquist, 1988; Zuber and Schumann, 1994). Grossman et al. (1987) 

:-': 'llOnstrated that increasing the rate of synthesis of this factor produces higher levels of 

:;,~~; t shoc k proteins. However, (J32 is in turn regulated by hsps. For instance, during 

~.·im ai conditions, DnaK proteins exist in high concentrations and these either bind the 

.k' ~\:r. preventing it from binding to RNA polymerase, or introduce it to proteases in 

".: '; 1' to Jegrade it. Following heat shock, DnaK releases the (J ~2 element, in order to 

;~ . ' ;h:t \\ith unfolded or aggregated proteins, thus allowing the Cactor to interact with 



RNA polymerase. As a result, increased transcription and translation occur to release 

higher levels ofhsps. Once conditions return to normal, DnaK reassociates with the 

factor to sequester it again from RNA polymerase. 
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DnaK is further involved in DNA replication of phage A and plasmid PI and F. In 

this case, DNA replication of phage A includes several components. Lambda 0 protein 

recognizes the origin of replication. Lambda P protein interacts with the former and to a 

dnaB-encoded helicase, also situated at the origin of repl ication. The initiation of 

replication, requires that DnaJ and GrpE ( this cofactor decreases the required 

concentration ofDnaK tenfold) bind to that initiation complex so to direct DnaK to 

lambda P protein. Lambda proteins are then released from their helicase, through the 

hydrolysis of ATP (Pelham, 1986; Georgopoulos et aI., 1989; Gaitanaris et aI., 1990; 

Pelham, 1990; Hendrick and Hartl, 1993). 

In another example, PI RepA initiator protein fonns a complex with DnaJ (see 

Figure 6). DnaJ is believed to be a cofactor for the recognition of RepA by DnaK. DnaK 

and A TP interact with the complex. A TP hydrolysis possibly activates RepA and 

releases DnaJ. The activated RepA binds to oriPl DNA for initiation of DNA replication 

(see Figure 6) (Wickner et aI., 1991). 

Protein folding is also performed by DnaK, DnaJ and GrpE. A model for 

unfolding is demonstrated in Figure 7 A (Hartl et aI., 1994). The first step includes the 

interaction between an unfolded protein with DnaJ. DnaK as usual is targeted to the 

polypeptide through the action ofDnaJ. A tight complex with a high affinity for 

unfolded polypeptides is formed with the help of ATP hydrolysis, stimulated by DnaJ and 
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Figure 6. RepA activation model. RepA initiator protein forms a complex with DnaJ. 
DnaK and A TP interact with the complex. Hydrolysis of A TP activates RepA and 
releases DnaJ. RepA then binds to the origin site of PI DNA to initiate DNA replication 
(after Wiclmer et aI. , 1991). 

Legend; 

DnaJ= bacterial form ofhsp70 
DnaK= DnaJ's cofactor 
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Figure 7. Models for the action of DnaK, Dnal, GrpE and GroELIGroES during protein 
folding. (A) Represents the interaction of E. coli heat shqck proteins 70 (Dnal, DnaK and 
GrpE) in the folding of native proteins (N). (8) Shows the action of E. coli heat shock 
proteins 60 (GroEL and GroES) during the folding of proteins (U) (After Hartl et aI., 
1994 ). 

Legend: 

A. N= native proteins 
Dnal= bacterial form of hsp70 
DnaK= Dnal ' s cofactor 
GrpE= Dnal's cofactor 

B. U= unfolded proteins 
GroEL= bacterial form ofhsp60 
GroES= GroEL' s cofactor 
D-*= high-affinity ADP-binding state of GroEL 
D= low-affinity ADP-binding state of GroEL 
T= ATP-binding state of GroEL 

~'. 
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performed by DnaK. GrpE acting as a nucleotide exchange factor, releases ADP from 

Dnal( which weakens the interactions within the complex (Silver and Way, 1993). 

Fi nall y, ATP binds to DnaK thus resulting in the total dissociation of the complex. The 

re leased polypeptide then fold~ to its native state, rebinds to DnaJ-DnaK if still unfolded 

or is transferred to GroEL (see below) (Hartl et aI., 1994) 

GroEL (the bacterial form of HSP60) which is composed of fourteen subunits 

[otaling 60kDa, has been determined to be organized in two heptameric rings creating a 

huil ow "cylinder" \vhere one to two proteins can interact in this cavity. In this model, a 

complex between GroEL and GroES (a heptameric ring of 1 OkDa) takes place (see 

Figure 78) (Hartl et aI., 1994). An unfolded polypeptide attaches to GroEL thus lowering 

C;l"oEL affinity for ADP and liberating ADP and GroES as a result ATP then binds, 

:,mscquently decreasing the interaction between GroEL and the protein and allowing 

( icoES to rebind (see Figure 78). Hydrolysis of ATP releases the protein in the central 

_':,\ ity in order for it to fold. GroEL's affinity for ADP becomes l11creased again, thus 

~k\ati ng the interaction between GroEL and GroES. At this point the protein is either 

rdeased totally since the folding process is completed or if more refolding is required, 

;h i:l1 the polypeptide reenters the cycle (see Figure 78) (Hartl ct aI, 1994). 

It is also believed that DnaK (hsp70) and GroEL (hsp60) act sequentially to fold 

iie\\iy synthesized proteins (see Figure 8) (Hendrick and HartL 1993; Hartl et aI., 1994). 

'.:-, the polypeptide emerges from the ribosome, it interacts \\ith DnaK and DnaJ to form 

';~hl comp lex (see Figure 7A ). Then, GrpE dissociates !\OP from DnaK and ATP 

',,-,js to DnaK. This generates the release of the protein which now interacts with GroEL 
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Figure 8. Model for the sequential response of DnaK and GroEL during protein folding . 

.-
This figure demonstates the sequential response of first DnaK (a-d) in order to fold native 

proteins. GroEL (d-e) then interacts with the native proteins to completely fold them 

(After Hartl et al., 1994). 
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and eventually becomes folded (see Figure 7B) (Hendrick and Hartl , 1993; Hartl et aI., 

1994). 

Regulation of the eukaryotic beat shock response 

The eukaryotic heat shock response involves several components (heat shock 

facto r, heat shock elements, hsp70) in order to function. The transcriptional factor 

known as heat shock factor (HSF) contains a DNA binding domain and a trimerization 

domain (Harrison et aI., 1994). It is observed in normal cells in the cytoplasm and the 

nucleus, in a monomeric form that has no DNA binding affinity, in normal unstressed 

ce lls. During stressed conditions, this factor forms a trimer and becomes localized in the 

nucleus. A general model for HSF regulation in eukaryotic cel/:; has been postulated and 

IS demonstrated in Figure 9A. During normal conditions, the monomeric tonn of HSF 

mteracts with hsp70. Following stress, hsp70 becomes sequestered due to its action on 

mis folded and insoluble agl:,'Tegated proteins (see below) Free HSF then assembles in a 

trimer and interacts with the heat shock element (HSE). This HSE located about 80 to 

150 base pairs (bp) upstream of the start site of RNA transcription, consists of a spectrum 

i)f 5-bp uni ts, NGAAN, arranged in inverted repeats (i.e. S'-NGAANNTTCNNGAAN

~') (Amin et aI., 1988; Schlesinger, 1990; Fernandes et aI., 1994). Once bound, HSF 

becomes phosphorylated then transcriptionally active. According to some studies, it has 

~:een observed that activated HSF becomes sensitive to phosphatase treatment, 

'(,nsequently demonstrating the importance of this step (phosphorylation) in the 
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Figure 9. HSF regulation model in eukaryotic cells. (A) Represents the regulation of the 
HSF by hsp70 during normal conditions in eukaryotic cells. In the absence ofhsp70, HSF , 
assembles in a trimer and binds to HSE. HSF then becomes phosphorylated and 
transcriptionally active, thus increasing the number ofhsp70 created. Finally, following 
trauma, hsp70 reinteract with HSF in order to interupt the formation of more hsp70. (B) 
Demonstrates HSF's regulation by hsp70 in animal cells (left side) and in S. cerevisiae 
(right side) which differs in its .need for only the phosphorylation step to become 
transcri"ltionally active (After Morimoto, 1993; Sorger, 1991). 

Legend; 

HSF= heat shock factor 
p= HSF phosphorylation 
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activation ofHSF (Sorge, et aI., 1993). The activation ofHSF rapidly reaches a peak 

.. 
which is maintained for approximately 40 minutes, then gradually declines (Abravaya et 

aI., 1991). As the transcriptional activity of the heat shock genes increases, higher levels 

ofhsp70 are observed. These continue to interact with aggregates (see below) but when 

the trauma is interrupted, they reinteract with HSF. This complex dissociates from DNA 

and HSF becomes once more a monomer without the ability to bind DNA (Baler et aI., 

1992; Morimoto, 1993). It would thus appear that this type of transcriptional regulation 

contributes to the masking of the trimerization domain (Sorger, 1991). 

Regulation in S. cerevisiae differs from other eukaryotes, since its heat shock 

factors (Sc-HSF) require only the phosphorylation step to become activated (see 

Figure 9B, right side). These factors prior to and following heat shock are bound to 

DNA, thus the trimerization step is not needed (Zimarino et aI., 1990; Sorger, 1991). 

Functions of hsps in the cells 

To finish this discussion on the heat shock proteins, certain functions will be 

considered. Members of the hsp70 family, as mentioned earlier, are involved in the 

folding of partially denatured proteins following stress. These denatured proteins have 

exposed hydrophobic regions, thus creating insoluble aggregates. Hsp70 comes in 

contact with these proteins by binding to those regions. The heat shock proteins then 

hydrolyze ATP and become released. They further undergo confonnational changes 

which distort the denatured proteins. This weakens the bonds within the aggregates so 
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that the proteins can either refold properly or if required, go through another cycle 

(Pelham, 1986; Pelham, 1990). 

Hsc70 proteins in the presence of ATP, interact with the c1athrin cage 

surrounding coated vesicles. Hydrolysis of these molecules by the heat shock cognate 

proteins cause dissociation of the cage from the vesicles. The uncoated vesicles can now 

fuse with intracellular organelles such as lysosomes (Welch, 1990). Hsc70 also disrupts 

protein aggregates during normal conditions and following stress in nuclei and nucleoli, 

much like hsp70 (Pelham, 1986). 

Hsp90 proteins have been observed to be involved in the activation of hormone 

receptors. For instance, a complex containing hsp90 and hsp70 (this last one is required 

for the initial binding to the receptor) interacts with the glucocorticoid receptor in 

reticulocyte lysate at the hormone binding domain (see Figure to). In the presence of 

ATPIMg++, hsp70 unfolds the receptor and hsp90 stabilizes it. Normally, hsp70 remains 

attached to the complex, except in the presence of heat and molybdate. The end result 

remains the same however, where the affinity for the hormone becomes elevated, since 

no loss in steroid binding activity occurs (see Figure 10). Finally, treatment with high 

salt dissociates hsp90 and refolds the hormone binding domain, thus eliminating the 

steroid binding activity (Pratt, 1993; Hutchison et al., 1994). Addition of ligand and ATP 

generate binding of the honnone, release ofhsp90 (or complex ofhsp90 and hsp70) and 

a change in steroid receptor conformation to produce a high affinity for DNA (Hendrick 

and Hartl, 1993). 
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Figure 10. Model for hsp90's action during the glucocorticoid receptor assembly. Shows 
the interaction of the hsp90-hsp70 complex with the glucocorticoid receptor (1-2). The 
r~ceptor then becomes stabilized (3) and its affinity for hormones becomes increased (4). 
Finall y, hsp90 dissociates from the receptor so that the steroid binding activity is 
~iiminated (5) (After Hutchison et aI., 1994). 

c; R = gl ucocorticoid receptor 
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Mechanism of cellular recovery from heat shock 

i 
Synthesis of the heat shock proteins is regulated at the transcriptional and 

post-transcriptional levels (Ruder et aI., 1989; Amin et aI., 1994). It has been observed 

that in Drosophila, within minutes of stress (i.e. heat shock treatment), transcription is 

rapidly blocked at most sites except at hs gene loci . Furthermore, a translation 

mechanism clears the preexisting messages and allows heat shock messages to be 

expressed at a high rate. The different heat shock proteins have also been observed to be 

induced at varying rates. When conditions revert to normal, transcription and translation 

of proteins other than hsps are t,'Tadually restored. It has been found that transcripts 

(other than hsps) remain stable during stress and that when conditions returns to normal, 

those messages can be reused. Interestingly, during conditions when stress is not 

induced, synthesis of hsp proteins remains functional for a period of time dependent on 

the class ofhsps and on the severity of the stress. Also' the hsp transcripts are unstable 

during recovery, becoming degraded (Ruder et aI., 1989; Yost et aI., 1990). 

The mechanisms for this repression of translation of most cellular proteins, are 

not yet understood, but some hypotheses have been formulated. For instance, the 

accumulation ofhsps might block the transcription of other genes. The hsps might also 

bind to their transcripts to promote degradation or inhibit translation (DiDomenico et aI. , 

] 982a). This means that new mRNAs are required if trauma is reencountered later on. 

DiDomenico et al. (1982a) believe that protein synthesis during nonstressed and heat 

shock conditions, utilizes diffe rent mechanisms. It would also appear that during 



conditions when stress is not induced, hsp transcripts become outcompeted for 

translation (Lindquist, 1981; Rhoads et aI., 1993). 

Evidence for differential responses of tissues to various stresses 

Heat shock 

The synthesis of heat shock proteins has been discovered to be differentially 

upregulated in various organisms and tissues following different stresses. After heat 

shock (an increase from 22 to 37°C) in the cockroach Periplaneta americana, the 

appearance ofhsp70, hsp83 and hsp28 proteins in the nerve cord tissues have been 

observed (Ruder et aI., 1989). Hsp70 and hsp28 appear 15 minutes after heat shock and 

the highest levels are obtained by two hours. On the other hand, it takes 30 minutes of 

heat shock to produce the synthesis of hsp83 , the highest levels also being observed by 

two hours. The levels of transcripts for hsp70, hsp83 and hsp28 appear to decrease one 

hour post heat shock and decay totally by six hours (Ruder et aI., 1989). 
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Heat shock treatments (an increase in body temperature of2-3°C) in rabbit brain 

has been shown to generate a differential response in different parts of this system 

(Manzerra and Brown, 1992). For instance, the constitutive form ofhsp70 was present in 

both control and hyperthermic rabbits in the grey matter regions of the spinal cord, more 

specifically in the large motor neurons. On the other hand, following heat shock, the 

inducible form ofhsp70 was observed mostly in glial cells of the white matter fibre 

tracts, but also in glial cells of the grey matter (Manzerra and Brown, 1992). 
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Studies on the effect of heat shock (36°C) have also been performed on the newt, 

Notopiltilalmus viridescens (Tam et aI., 1992). Results from analysis on 2D gels indicate 

that hsp90 (isoelectric point (pI) of6.2), hsp70 (three variant pis of6.2, 6.3 and 6.4 

(constitutive form), and proteil1s of 53 and 58kDa with isoelectnc points of 6.2 to 6.5 , 

respectively are upregulated in forelimbs and hindlimbs (Tam et aI., 1992). Figure 11 

demonstrates similar results from a study by Carlone et al ( 1993) In (A) (unstressed 

i"ore limbs) and (C) (heat shocked forelimbs), they observed two acidic proteins of70 to 

72 kDa ( 1 and 2; pis of5.62 and 5.75, respectively) and a more neutral one (7, pI of6.74). 

These haye been determined to be the constitutive forms of hsp70 via amino acid 

,,?q uence analysis. Three additional relatively neutral proteins of70-72kOa (3,4 and 5; 

pis of 5.90, 5.95 and 6.03, respectively), represent the inducible forms of the newt family 

, i' heat shock protein 70 and are evident only in heat shocked tissues (see Figure 11 (C». 

\\'estern immunoblots of these samples were also probed \\ith a monoclonal anti-hsp70 

;:nt ibody (see Figure 11 (8) and (D». The antibody detected every hsp70 isofonn except 

\ ~Jr the most neutral one (7), 

i ~che i11ia -.----

Ischemia, which involves a localized lowered concentratIOn of oxygen due to 

·,)hstrucrio n of the inflow of arterial blood has also been found to induce the synthesis of 

i',p70 in rodent brain tissue. The maximal induction was measured in dentate bTfanule 

: -: i1s and hippocampal pyramidal cells of the gerbil brain. at eight hours following 

. ,,';F:u lation of the blood. The hsp70 synthesis v,,'as still observed, although lowered in 

<~ neuro ns but \vas completely absent in dentate granule cell s, after 24 hours of 
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Figure 11. The different 70kDa protein isoform in the newt N viridescens. (A) 
Autoradiographs of unstressed newt forelimb tissues separated by 2D gel electrophoresis 
and labeled with C5S] methionine. (B) Western blot detected with the antibody N-27 of 
control newt forelimb tissues. (C) Autoradiograph of heat shocked forelimb tissues esS] 
methionine-labeled. (D) Western immunoblot of heat shocked forelimb tissues detected 
with the antibody N-27 (After Carlone et aI., 1993). 

Legend; 

isoform 1 = 70kDa protein range with a pI of 5.62 
isoform 2= 70kDa protein range with a pI of5.75 
isoform 3= 70kDa protein range with a pI of 5.90 
isoform 4= 70kDa protein range with a pI of 5.95 
isoform 5= 70kDa protein range with a pI of 6.03 
isofonn 7= 70kDa protein range with a pI of 6. 74 
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recirculation (Nowak, 1985). At 48 hours following recirculation, the induction persisted 

only in CA 1 regions (Dienel et ai., 1980). This induction 'seemed to be localized in 

neurons of mostly the hippocampus but was also found in the CA J pyramidal cells at 

lower level s (Nowak, 1991). 

\1echanical trauma 

The process of ischemia also occurs immediately following mechanical trauma 

~ lllce the blood flow located at the site of injury is initially kept to a minimum. As a 

;'csult of mechanical injury, the production of heat shock proteins is increased. For 

in:-;ta nce, Currie and White (1981) sliced rat tissues originating from several organs. 

:1:<.::- then observed the rapid synthesis of a 71 kDa protein This \vas identified later by 

-UJ ill cl al. (1987) as hsp70. Heikkila and Schultz ( 198.+ ) also demonstrated that 

il1 ;;.:chanical trauma of rabbit blastocysts generated an increased synthesis of hsp70. 

:-, pinal cord injury in rats results in the increased synthesis and accumulation of heat 

;lOck proteins of 70kDa within 30 minutes at the injury sIte (Gower et aI., 1989). 

,: n~ct s of amputation on hsp synthesis in urodele amphibians 

Carlone and Fraser (1989) observed the increased synthesis of esS] methionine

Llheied 70kOa proteins in forelimb tissues of N. viride,'IL'l'/1.\. one hour after amputation, 

'.Il l iluorographs of polyacrylamide gels. However, no increase was detected in 

;illputated tail tissues one hour post-trauma. They also performed Western immunoblots 

)' ~; rote ins from these tissues separated on one-dimensional SOS-PAGE. These 

"ll1wined proteins extracted from tissues one hour to one day post-amputation of 
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forelimbs and tails of N. viridescens. Amputation in limb tissues resulted in almost total 

, 
absence of hsp70 from one hour to 24 hours later. No decrease in hsp70 levels occurred 

in tail stumps as a consequence of amputation. Further analysis of these samples on 2D 

gels (e 5S] methionine-labeled proteins) demonstrated the increased synthesis of a 70kDa 

protein with a more acidic pI (lower than 6.6). 

Tam et al. (1992) observed on ID SDS-PAGE gels, that amputation of newt 

forelimbs resulted in the production of a set of amputation-induced proteins, the 

predominant member being a 90kDa protein. On 2D gels, several esS] methionine-

labeled amputation-induced proteins were observed by Tam et al. (1992) resulting from 

5 hour post-amputated forelimb tissues. These include: AIP90 with an approximate pI of 

6.7; AIP70 with a pI of approximately 6.5; AIP68 with a pI of6.5; AIP30 and an 

approximate pI of 6.5; and two AlPs with molecular weights ranging about 60kDa and 

pIs of 6.4 and 6.7, respectively. These results seem to 'conflict with those obtained by 

Carlone and Fraser (1989), where the predominant amputation-induced proteins in 

forelimbs were 70kDa with a pI more acidic than 6.6. 

The questions addressed in this thesis 

Previous results from our laboratory suggested that amputation of the limb and 

tail of the newt result in differential synthesis ofhsp70. These results were not rigorously 

quantitated and are in disagreement with more recent work of Tam et al. (1992). It was 

therefore the primary objective of this work to determine if the differences in hsp70 

levels in forelimbs and tails, one hour post-amputation, are attributable to a 
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preponderance of anyone of the five isoforms identified by Carlone et aI. (1993). This 

~ 

can be answered with the help of quantified one-dimensional Western SDS-PAGE and 

two-dimensional Western immunoblots of one hour post-amputated limb and tail 

proteins, using an anti-hsp70 monoclonal antibody (N-:27). An extension to this question 

is to determine whether or not the possible differences in hsp70 proteins levels in tails 

and limhs, resulting from amputation, mirror differences in levels of hsp70 mRNA in 

amputated tails and limbs one hour post-amputation. This can be achieved with the use 

of quantitative Northern blot analyses. 



Methods and Materials 

The compositions of solutions are described in Appendix A. 

Newt care 

70 

Adult newts, Notophthalmus viridescens, were purchased from M. Tully 

Nashville, Tennessee. On average, eight to ten newts were housed in large 

Rubbermaid® containers in dechlorinated water maintained at constant temperatures of 

19°C-20°C. Animals were fed live Tubifex worms biweekly. Fresh water was supplied 

daily. 

Tissue sample collections 

The number of newts utilized varied between different experiments. For instance, 

in the case of RNA extractions, generally 35 animals were used to produce each pooled 

sample. On the other hand, 4-5 animals were utilized jn the case of protein isolations for 

1 D and 2D polyacrylamide gels. The newts were anesthetized in 0.1 % 3-amino benzoic 

acid, pH7, for approximately 15 minutes. 

Following bilateral amputations through the wrist and/or through the tail with a 

razor blade, the animals were left to recover overnight in water containing 0.5% 

sulfamerazine. 

For this project, the following samples were obtained. Distal forelimb (OL) and 

tail (OT) tissues obtained immediately after amputation were pooled separately and 

frozen in liquid nitrogen. Imm distal limb stumps and tail tissues were also collected 

1 hour post-amputation (IL and IT) and stored in liquid nitrogen. Furthermore, the 

animals were heat-shocked (for protein work) in a water bath maintained at 35°C for 30 
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minutes. They were later allowed to recuperate for 1 hour and tissue samples (HSL and 

HST) were obtained similarly to the control samples. Three animals were first heat 

shocked, left to recover for 30 minutes, then sacrificed by anesthetization and 

decapitation in order to collect livers which were then frozen in liquid nitrogen (HS 

liver). 

RNA isolation 

RNA isolation was performed according to a modification of the acid 

guanidinium isothiocyanate technique (Chomczynski and Sacchi, 1987). 

Glassware was baked at 180°C overnight. Pipette tips and eppendorf 

microcentrifuge tubes were incubated in a 0.1 % solution of diethylpyrocarbonate (DEPC) 

at 37°C for 1 hour and autoclaved to inactivate RNAses. Solutions (except for Tris 

buffers) were made with 0.4% DEPC-treated double distilled water (ddH20) and 

autoclaved. 

Tissues were homogenized in Wheaton tissue grinders containing 250/-11 of a 

denaturing solution (solution D) (4M guanidinium thiocyanate; 25mM sodium citrate, 

pH 7; 0.5% sarcosyl; O.lM 2-mercaptoethanol) and then transferred to eppendorftubes. 

The tissue grinders were washed with another 250/-11 of solution D which was added to 

the tubes. The mix was sheared with a 181/2 gauge Becton Dickinson needle attached to 

a Iml Becton Dickinson syringe four to five times. Fifty microliters of 2M sodium 

acetate, pH4; 0.5ml ofTris-buffered phenol solution (pH 4.2, lCN) and O.lml 

chloroform:isoamyl alcohol mixture (49: 1) were added sequentially. The tubes were 

mixed by inversion after each addition. Following the final addition, they were mixed for 
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10 seconds and then cooled on ice for 15 minutes. The mixtures were centrifuged at 

10,000 rpm for 20 minutes at 4°C in a Brinkmann centrifuge (model: 5412) to separate 

the RNA and DNA/protein phases. The upper aqueous layer was carefully removed and 

transferred to new eppendorf tubes. One ml of isopropanol was added to each and the 

tubes were then mixed by inversion and stored at -20oe for I hour. In order to sediment 

RNA, the tubes were centrifuged for 20 minutes at 10,000 rpm. The supernatants were 

aspirated off and the pellets were resuspended in I50,ul of solution D. Another I ml of 

isopropanol was added to the tubes which were again stored at -20°C for 1 hour. The 

solutions were then centrifuged for a third time for a period of 10 minutes. The 

supernatants were removed and the pellets washed two times with 500J.lI of75% ethanol. 

This was followed by centrifugation at 4°C for 15 minutes. The pellets were allowed to 

air-dry for 10 minutes before being reconstituted in 30-50J.l1 of DEPC-ddH20 at 65°C. 

RNA concentrations were detennined by UV spectrophotometry and the purity 

and integrity of the RNA assessed by agarose gel electrophoresis. In the fonner, IJ.lI of 

the sample RNA was added to 499J.lI ofDEPC-ddH20. The absorbance was detennined 

at 260 and 280nm using the Hitachi U-2000 spectrophotometer. In the latter case 2J.lI of 

RNA, 4pl of DEPC-ddH20 and 61-d of2X RNA loading bufTer (0.7% fonnamide; 

O.2~'O fonnaldehyde; 1.3X 3-N-morpholinopropane sulfonic acid (MOPS» (heated to 

65°e for 10 minutes) were mixed and loaded into wells of 1 % agarose gel. 

Electrophoresis was perfonned at 80 volts (BioRad model 200/2.0 power supply) 

in I X TAE until the dye front moved approximately 3/4 of the way toward the anode. 

The gel was stained in a 0.5J.lg/ml solution of ethidium bromide for 15 minutes. 



Fo llowing destaining, it was photographed on a UV transjlluminator with an Omega 

Vicw camera (Model: 45E) and a Polaroid high speed instant sheet film (ISO 3000). 

Large scale isolation of plasmid DNA 
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The large scale isolation of plasmid DNA was performed according to the method 

nutlined in Sambrook et a1. (1989). E. coli transformed with pNHSP70, a partial eDNA 

c loned from newt mixed forelimb/hindlimb blastema cDNA library. The insert size is 

dppro.\illl ate ly l.4kE and cloned into a !3stXI site ofpBluescripl k S. J~'. coil were then 

..; ~reakcd on Luria Bertani (LB)-ampicillin agar plates and incubakd at 3rC for 12 

hours Single bacterial colonies were then incubated in Sm! cultures of LB-ampicillin 

;''' roth for another 12 hours at 37°C in a shaking water bath One 1111 of this culture was 

L,"'.:d to inoculate 500ml ofLB-ampicillin broth followed lw Incubation at 37°C in a 

.i1 aker for 12 hours. The large scale cultures were tral15fcrreJ to centrifugation bottles 

::nd centri fuged on a Damon fEC B-20A centrifuge at 6000rplll at 4°C for 5 minutes. 

Eac h pellet was then resuspended in 5ml Tris-EDTA, pH 75 (IE) and incubated on ice 

for i hour. Ten millilitres of alkaline sodium dodecvl sult~lte (SDS) was added to each 

;' ~!kt and the bottles were left at room temperature for 5-10 minutes. Acidic potassium 

~cetate (J 5ml per sample) was then added and the mixtures were stored on ice for I 

ho ur. lallowed by centrifugation at 10,000 rpm for 10 minutes 111 the cold. The 

··.!» ~'rn atants obtai ned were filtered through sterile glasswool into 30 ml Corex tubes to 

. h!ch :2 \'olumes of 95% ethanol was added and then incubated at -20°C for I hour. 

\!: :r a second centrifugation, the ethanol was carefully decanted The pellets were 

: ""L:', i to air-dry and fina ll y resuspended in 2.5ml TE butfer 
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Purification of plasmid DNA on cesium chloride density gradients 

For every ml of DNA in TE, 0.96g ofCsCI was added to a centrifuge tube 

(Beckman 13X32mm) to give a final CsCI density of 1. 55g1ml. Mter the addition of 

35111 of a lOmglml stock solution of ethidium bromide, the CsCI solution was centrifuged 

at 113, 263g for 20 hours at 22°C in a Beckman ultracentrifuge (model: TL-100). The 

plasmid DNA band was extracted under UV illumination using an 18 gauge needle 

attached to a 1 ml syringe. In order to remove the ethidium bromide, an equal volume of 

water-saturated I-butanol was added, the contents mixed and separated by centrifugation, 

and the top layer discarded. Cesium chloride was removed with the addition of 

2 volumes of water, 6 volumes of ethanol followed by centrifugation at 10,000 rpm for 

10 minutes in the cold. The supernatants were removed, the pellets were allowed to 

air-dry, and resuspended in 50111 ofTE (Sambrook et aI., 1989). 

Ten microlitres of the resulting DNA was digested with the restriction enzyme 

BamHI at 37°C for 2-3 hours. After separation on a 1% low melt agarose gel, three 

ethidium bromide stained BamHI insert fragments were cut out and stored in individual 

Eppendorftubes. The insert sizes were approximately 0.70, 0.42 and 0.30kb, 

respectively (see Figure 12). 

Northern blotting 

Twenty micrograms of total RNA from each sample was loaded on a 1 % agarose 

denaturing gel (Sambrook et at, 1989). The gel was prepared in 1% agarose; 

IX 3-N-morpholinopropane sulfonic acid (MOPS); 10% formaldehyde and run in 



Figure 12. Semi-preparative 1% low-melt agarose gel containing plasmid DNA 
(pBluescript KlS) digested with the restriction enzyme BamHI. Six DNA samples were 
digested and the resulting fragments are indicated below. The lkb ladder marker can 
also be observed on the far right lane. Molecular weights (kb) from top to bottom are 
approximately 122.2, 112.0, 101.8,91.6,81.4, 71.3, 61.1, 50.9, 40.7,30.5,20.4, 16.4, 
10.2 and 5.1. 

Legend; 
1-6= six DNA samples digested with BamHI 
A= fragment of approximately 0.70kb 
B= fragment of approximately 0.42kb 
C= fragment of approximately 0.30kb 
ST= 1kb ladder marker 
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I X MOPS buffer. The RNA was transferred from the gel to a Gene Screen Plus 

hybridization transfer membrane (Dupont) by capillary action in 6X SSPE overnight. 

r:ollowing transfer, the membrane was rinsed in 6X SSPE for 15 minutes, air-dried and 

l)le RN A crosslinked to the membrane using the UV Stratalinker 1800 (Stratagene). 

"'~ orthern hybridization 
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Prior to hybridization with a labeled 0.70Kb RwnHI fragment from pNHSP70, the 

' ~:c mbrane was briefly wet with 1 X SSPE, and stained in 002 0 0 methvlene blue in 

; S M sodium acetate (pH 5.2) for about 15 minutes. In order to visualize bands, it was 

>.:" .::~s sary to destain with 1 X SSPE for 15 minutes. The Slam could be totally removed 

:<ng O.2X SSPE, 1 % SDS for 15 minutes. 

For prehybridization, the membrane was incubated 111 a solution containing 

' : SS PE, 1.9% fonnamide, 0.5 % SDS, 5X Denhardt's solutIOn. I OOug/ml sheared 

,ii:n Oll sperm DNA at 42°C for a minimum of I hour (Sambrook et aI., 1989). 

Seven and one half microliters of the probe DNA were labeled with,2p-dCTP at 

', 'ill rem perature for I hour according to the procedures outlined in the Prime-a-Gene 

• ih,;! ing s~'stem (Promega). The labeled probe was denatured at 95°C, quickly cooled on 

'\..' : :lnd added to the prehybridization solution. HybridizatIon occurred at 42°C for 

'i 'proximately 24 hours. FollO\ving hybridization, the membrane \\as washed twice at 

. ," 'l11 temperatu re in 2X sse 0.5% SDS for 5 minutes foll(med by a wash in O.2X sse 

'l, SDS for 20 minutes at 65°C. The blots were positioned agall1st Dupont Reflection 

; ,, )i 'adiography film with an intensifying screen (Dupont) and stored at -70°C for a 

, Ht (1[' one week. Films \vere developed with the Kodak GBX developer and 
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replenisher for 5 minutes followed by fixation for 5 minutes with Kodak GBX fixer and 
" 

replenisher. 

Protein extraction 

Total protein was extracted from limb and tail tissues for analysis by I) 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 2) two dimensional gel 

electrophoresis. In the former, tissues from 4-5 animals were ground in mini-glass 

homogenizers with 150-250).11 of IX TE (pH 6.8). The resulting homogenate was then 

transferred into eppendorf tubes and centrifuged at 18, 000 rpm for 2 minutes at room 

temperature. The supernatants were transferred into fresh tubes and stored at -70°C 

(Sambrook et aI., 1989) In order to extract proteins for the second technique, the 

procedure was the same as previously outlined except that 150).11 of solubilizing buffer 

(SB) (9M urea~ 4% Nonidet P-40~ 2% ampholyte stock servalyte 8-1 O~ 1 % dithiothreitol) 

was utilized. Protein concentrations were determined using the Bradford protein assay 

(Bradford, 1976) (lD gels) or according to Ramagli and Rodriguez (1985) (for 20 

samples) with known concentrations of bovine serum albumin (BSA) as standards. 

SDS-PAGE and Western blotting 

SDS-PAGE was perfonned in accordance with procedures outlined in the 

instructions for the BioRad Laboratories Mini-Protean II dual slab cell. Duplicate gels 

consisting of a 7.5 % separating gel (0.375M Tris-HCI pH 8.8; 0.1 % SDS; 

7.5 % acrylamide/bis~ 0.05 % ammonium persulfate (APS)~ 0.05 % N, N, N', N'-

tetramethylethylenediamine (TEMED)) were poured in BioRad's Mini-Protein II 

apparatus and overlaid by a 4% stacking gel (0.125 M Tris-HCI pH 6.8; 0.1 % SDS; 



3. 9 % acry\amide/bis; 0.05 % APS; 0.1 % TEMED). Wh~n the gels were polymerized, 

the protein samples were diluted 1:4 in sample buffer ( 0.0625 M Tris-HCI pH 6.8; 
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o i o () glycerol; 2 % SDS; 0.05% 2-mercaptoethanol; 0.00125 ° 0 bromophenol blue) and 

preheated at 95°C for 4 minutes. Five micrograms of protein was loaded per lane and 

separated at 200 volts (BioRad model 20012.0 power supply) for approximately 1 hour 

,mtil the dye front left the bottom of the gel. One member of a duplicate set of gels was 

d 1';:?!1 stained in 0.1 ~. 'O Coomassie Brillant Blue R-250; 400 0 methanol and 10% acetic acid 

i"()f ~-4 hours at room temperature. Gels were destained In 40°0 methanol, 10% acetic 

;ll:iJ with destain changes every half hour for up to 4 hour~ 

The second duplicate gel was blotted overnight at 30V onto Immobilin-P transfer 

1[cmbrane (Millipore) in transfer buffer pH 8.3(0.025 M Tn", 0. 192 M glycine: 

~f) 0;) methanol) using BioRad's Trans-Blot transfer syskm 

The blots were washed in 1 X TBS (20mM Tris; 500mM Nael, pH 7.5) for 15 

:nln utes. They were then incubated with blocking solution (3°0 gelatin/Tris buffered 

<di n;:: (, TBS)) for 2 hours. After three washes for 15 minutes each in TBS, the primary 

~l ntibody N-27 (a mOllse monoclonal antibody specific for the constitutive and inducible 

;"\.: rms of human hsp70 (Welch and Feramisco, 1984) (StressGen ) was added to the 

, ,1e ~Tlbrane in I % gelatin-Tween 20- Tris buffered saline (TTBS) ( 1.1000 dilution) and 

incubated overnight with shaking. The day after, it was washed five times in TIBS for a 

" fJi of 1 ho ur and 15 minutes. The secondary antibody, (goat anti-mouse IgG alkaline 

,-:l""phatase conjugate iBioRad)) was diluted 1.3000 in 10 o gelatin-TTBS and incubated 

: il ,he blot t()r 1 hOllr The final washes consisted of three 10 mlllutes w'ashes in TTBS 
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and one 5 minute wash in TBS. Color development invoJved incubation in O. J M Tris, 

pH 9.5; 0.5mM MgS04; p-nitro blue tetrazolium chrolide (NBT;BioRad); and 

5-bromo-4-chloro-3-indolyl phosphate-toluidine salt (BCIP;BioRad). Control blots were 

incubated in the absence of primary antibody. 

Two dimensional electrophoresis and Western analysis 

The first and second dimensional electrophoresis were performed according to 

methods outlined in Tempst et al (1990). The first dimension gels (9M urea; 

50% BDH 4-S and 50% servalyt 5-7 ampholytes; 3.3% isoelectric focussing (IEF) 

acrylamide stock; 2% NP-40; 10% APS; 0.07 % TEMED) were prefocussed at 200V 

(MRA Corporation MI5S automatic power supply) for approximately I hour (top buffer 

0.02N NaOH; low buffer O.OIN H3P04). The 2D protein samples (50 Ilg) incubated 

previously at 37°C for 20 minutes were loaded onto th~ IEF gels and separated at SOOV 

(constant voltage) for 12-15 hours. The IEF gels were then removed using a 60cc syringe 

and plastic tubing and equilibrated in 10% glycerol; 8.6mM dithiothreitol; 2% SDS; 

0.01% bromocresol green; 0.125M Tris, pH 6.S for 5 minutes. The second dimensional 

gels included 12.5 % acrylamide; 0.375 M separation buffer; 0.05% APS; 0.03% 

TEMED. Duplicate gels were run at 30mAmp/gei for several hours until the dye fronts 

ran off. They were further allowed to run for an extra 30 minutes to achieve a complete 

separation of the different high molecular weight protein species. One gel was silver 

stained following the procedure with the Silver Stain Plus kit (BioRad). The duplicate 

gel was blotted overnight according to procedures outlined for ID SDS-PAGE. 

However, the transfer butfer utilized was 25mM Capso; 20% methanol, pH 10. 



Image analysis of the results 

Northern 
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A thin vertical strip of each lane on a Northern blot (OL, OT, IL, IT, liver) stained 

with methylene blue was scanned using a COHU high performance CCO camera on a 

Northern light box (Imaging Research, [nc., Model: 890) \vith a Compaq deskpro 386/25 

computer using the MCI04 Image Analysis Program (Imaging Research [nc.). The 

ii ptical densities (0.0.) of each 18S and 28S RNA band were obtained and the 

iJ(lckgro llnd was subtracted. The O.D.s of the 18S and 28S RNA \vere totalled. The O.D. 

el f eac h hsp70 band on the Northern autoradiof,Yfaphs was obtained in a similar manner. 

The total relative 0.0.( 18S+28S) was divided by the latter relative 0.0. (hsp70 band) to 

~~~nerate a ratio. Ratios of each sample from all the Northerns were averaged and the 

:tandard deviations were calculated (Mendenhall, 1987 ). 

~:DS-PAGE 

Sim il arly to the Northern analysis, a narrow vertical band within each lane of 

'Ptai proteins for every sample (OL, OT, lL, 1 T, HSL, HST) was chosen on the Coomassie 

~"'Iue stained gels. The relative O.D.s of total protein in each lane were obtained and the 

>ackground automatically subtracted. The relative O.O.s (background subtracted) were 

:bo taken from the different samples on the Western blots using a very short horizontal 

>t rip enclosing the HSP70 bands. Ratios of 0.0. from total proteins to O.D. from hsp70, 

,', ,..:rages and standard deviations were calculated, 
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20 electrophoresis 

The analysis for this technique was slightly different due to uneven staining of the 

gels and membranes. In the case of the silver stained gels, the relative O.D. of the 

cytoskeletal actin spot was subtracted from the O.D. of a surrounding background spot 

for each sample (OL, OT, IL, 1 T, HSL, HST). Similarly, the hsp70 protein spots 0.0. on 

the Western blots were subtracted from background spots in proximity. The relative 

o.O.s of the silver stained gels were divided by the relative O.D.s of the Western blots 

for every sample. The ratios obtained were averaged and the standard deviations were 

calculated and statistical analysis was performed as above. 

Statistical analyses 

A statistical analysis was performed on data from ID SDS-PAGE blots. This was 

due to the fact that the minimum number of replicates ;equired for statistical analysis 

were obtained with this technique alone. Two types of statistical tests were chosen: the 

ANOV A test and the Wilcoxon signed-rank test (Mendenhall, 1987). The ANOV A test 

determines the variance of three or more samples. It is a one-tailed test determining the 

rejection region in only one side of the sample distribution. The Wilcoxon signed-rank 

test is a nonparametric statistical test. 



Results 

Quantitative densitometry- Control experiments 
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Control experiments were perfonned to test the reproducibility of the imaging 

and staining protocols. In one experiment, lO)lg, 5)lg and 1.S)lg of total protein from 

heat shocked tail tissue were separated on duplicate SOS-PAGE gels (see Figure 13 (A»). 

Two other samples containing lO~lg of HST (HST4, HSTS) and OT (OTI, OT2) protein 

.:~,cl1, \ \Crc also loaded on the gels. The proteins in one duplicate gel \vere blotted onto an 

iml1lobilin-P membrane and hsp70 was detected with an anti-hsp70 monoclonal 

an tibody (N-27) (see Figure 14 (A)). It can be seen in Figure 14 (A), that only one set of 

! Opg HST and OT (HST4, OT) proteins are present. This is because the other set (HST5, 

; 'T2) \vas cut out of the blot before the antibody work was inItiated and utilized in a 

different control experiment (see below). The ratios of the ROD. (relative optical 

Jensities) of the hsp70 band on the Western blots divided by R.nD.s of the total protein 

hands stained w·jth Coomassie blue on the duplicate gels) were calculated and can be 

<en in Table 2 (A). This table also demonstrates that as expected, the ratios of the 

rei ati\'e optical densities do not vary significantly between difTerent protein loads. 

One unexpected observation in this experiment was that the HST and OT samples 

demonstrate relatively similar R.O.D. ratios. The apparent lack of upregulation in the 

~lmo Llnt of hsp70 in the tail after heat shock will be discussed in more depth in the next 

:'(;ction. 

As mentioned above, the last gel set containing 1 O,ug protein from heat shocked 

' ili ! ~ll1d unamputated ta il tissues was cut out of the Immobilin-P membrane. The degree 
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Figure 13. Imaged Coomassie blue stained gel of protein samples from newt limb and tail 
tissues. (A) Varying amounts (10/-lg, 5/-lg and 2.5/-lg) of protein from heat shock tail 
(HST) were loaded and duplicate lO/-lg of protein from HST and tail tissues amputated at 
o hour (OT) were also included. (B) Similar analysis as (A) with 5/-lg of protein from a 
different set of samples. Molecular weights (kDa) (pre-stained) corresponding in 
decreasing mass to myosin, J3-galactosidase, bovine serum albumin, ovalbumin, carbonic 
anhydrase, soybean trypsin inhibitor, lysozyme and aprotinin, are shown on the left 
margin of both A. and B. 

Legend; 

A. HS T 1 = 10 /-lg of protein from heat shocked tail tissue 
HST2= 5/-lg of protein from heat shocked tail tissue 
HST3= 2.5/-lg of protein from heat shocked tail tissue 
HST4= 10/-lg of protein from heat shocked tail tissue 
OT1= 10/-lg of protein from forelimb tissue amputated at 0 hour 
HST5= 10/-lg of protein from heat shocked tail tissue (duplicate) 
OT2= 10/-lg of protein from forelimb tissue amputated at 0 hour (duplicate) 

B. OT= 5/-lg protein from tail tissue amputated at 0 hour 
OL= 5/-lg protein from forelimb tissue amputated at 0 hour 
1 T= 5/-lg protein from 1 hour post -amputated tail tissue 
1L= 5/-lg protein from 1 hour post-amputated forelimb tissue 
HST= 5/-lg protein from heat shocked tail tissue 
HSL= 5/-lg protein from heat shocked limb tissue 

Arrows indicate the position ofthe 70kDa stress proteins. 
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Figure 14. Imaged Western blots of newt limb and tail p~oteins. Detection was achieved 
with N-27, an anti-HSP70 monoclonal antibody. (A) Different amounts of protein 
( 1 O~lg, SMg and 2.SMg) from HST and a set from HST and OT (lO~lg, respectively) were 
loaded. (8) A second blot containing 10Mg of protein from HST and OT were detected 
us ing only the secondary antibody (BioRad's goat anti-mouse IgG alkaline phosphatase 
conj ugate IgG). (C) Western blot of 5~lg of protein from various samples. 

,\ [1 ST 1= 10Mg of protein from heat shocked tail tissue 
HST2= S Mg of protein from heat shocked tail tissue 
HST.3-'" 2 .5~lg of protein from heat shocked tail tissue 
HST..j.= I Opg of protein from heat shocked tail tissue 

OT 1 = 1 OMg of protein from forelimb tissue amputated at 0 hour 

;). HST5= 1 0 ~lg of protein from heat shocked tail tissue 
OT2= I O~g of protein from forelimb tissue amputated at 0 hour 

!)T~c 5pg of protein from tail tissue amputated at 0 hour 
OL= 5,ug of protein from forelimb tissue amputated at 0 hour 
i T= 5~lg of protein from 1 hour post-amputated tail tissue 
1 L= 5~lg of protein from 1 hour post-amputated forelimb tissue 
HST= S~lg of protein from heat shocked tail tissue 
H SL= 5,ug of protein from heat shocked forelimb tissue 
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Table 2. Ratios of relative optical density for hsp70 in different protein loads on ID 
Western blots. (A) Ratios of relative optical densities (R.O.D.s) obtained from Western 
blots and Coomassie blue stained gels. Samples loaded included decreasing amounts of 
total protein from tail tissue acquired from heat shocked animals as well as lOMg of 
protein from unstressed tail tissue (OTl). (B) Ratios ofR.O.D.s obtained from Western 
blots and Coomassie blue stained gel of various samples. 

Legend; 

A. HSTl = lOMg of protein from heat shocked tail tissue 
HST2= 5Mg of protein from heat shocked tail tissue 
HST3= 2.5Mg of protein from heat shocked tail tissue 
HST4= IOMg of protein from heat shocked tail tissue 
OT 1 = 1 Ollg of protein from forelimb tissue amputated at 0 hour 

B. OT= 5~lg of protein from tail tissue amputated at 0 hour 
OL= 51lg of protein from forelimb tissue amputated at 0 hour 
I T= 51lg of protein from 1 hour post-amputated tail tissue 
1 L= 5~lg of protein from 1 hour post-amputated forelimb tissue 
HST= 51lg of protein from heat shocked tail tissue 
HSL= 51lg of protein from heat shocked forelimb tissue 



A. 
Samples Ratios ofRO.D. Significance' 

HST1(10J..lg) 1.4 no difference 

HST2 (5/.!g) 1.5 no difference 

HST3 (2.5J..lg) 1.4 no difference 

HST 4(1O/.!g) 1.3 no difference 

OT1 (lO/.!g) 1.3 no difference 

Significance*: the percentage point of the F distribution for these experiments is 6.09. 
Since it is lower than the one at a=0.05 (F=215.7), then we can conclude that the 
evidence is insufficient to indicate a difference between treatments. 

B. 
Samples (n=5) Means of ratios of ROD. +/- standard 

deviations 
OT 1.5 +/- 0.4 
OL 1.4 +/- 0.3 
IT 1.4 +/- 0.2 
1L 1.3 +/- 0.4 
HST 1.6 +/- 0.2 
HSL 1.6 +/- 0.4 
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of non-specific binding of the secondary antibody was determined in the absence of the 

primary antibody (N-27). According to Welch and Feramisco (1984), N-27 recognizes 

the constitutive and inducible forms of human hsp70. The cross-reactivity and specificity 

of monoclonal anti-hsp70 antibody N-27 for newt hsp70, was previously demonstrated 

by Carlone et al. (1993), during studies on the effect of heat shock on protein synthesis in 

newt limbs. In agreement with these results, Figure 14 (B) shows that no binding 

occurred in the absence of the primary antibody (N-27). 

In summary, these control experiments demonstrated that the MCID program 

allows reproducible quantitative densitometric analysis ofhsp70 protein on ID gels and 

Western blots. They also demonstrate that antibody N-27 is not species-specific, and 

recognizes a 70kD antigen. This antigen has a significant degree of amino acid sequence 

homology with mammalian hsp70 (Carlone et aI., 1993). 

Quantitative Western blot analysis of hsps separated by SDS-PAGE 

Figure 13 (B) shows the total proteins ofOT, OL, IT,lL, HST and HSL samples 

separated on a representative SDS-PAGE gel. Figure 14 (C), on the other hand 

demonstrates the duplicate Western blot containing the above samples probed with the 

N-27 antibody. The means of the respective ROoD. ratios for each experiment (n=5) are 

shown in Table 2 (B). The amount ofhsp70 in OT appears greater than that observed in 

OL samples and 1 T samples. The relative levels of hsp70 in OL appear to be greater than 

those in 1 hour post-amputation limb tissues. Hsp70 in 1 T appears greater than in 1 L. 

These results are consistent with those of Carlone and Fraser (1989). Hsp70 levels in 
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HST are elevated compared to HSL. Finally, in heat shocked tail and heat shocked 

forelimb tissues, the amounts ofhsp70 appear to be increased compared to the levels in 

OT, OL, IT,lL. All of these differences range between 1.017 to 1.220 fold increases. The 

data are depicted graphically in Figure 15. 

To determine if any of these apparent differences are statistically significant, the 

Wilcoxon rank sign test (Mendenhall, 1987) was applied to the data. Table 3 (A) 

demonstrates that there are no significant differences in amounts of hsp70 proteins 

between unamputated, 1 hour post-amputated and heat shocked forelimb and tail tissues. 

Analysis of 2D Western 

As previously described, there are at least five isoforms ofhsp70 in the newt, 

three of which are constitutively expressed and two that are inducible by heat (Carlone et 

aI., 1993). It was one objective ofthis thesis to determine if amputation ofthe limb or 

tail resulted in the differential expression of any of these five isoforms. An example of a 

2D gel ofOL proteins can be seen in Figure 16 (A). This gel was silver stained (see 

Methods and Materials). Numerous proteins of different molecular weights and 

isoelectric points can be observed throughout the gel. The variolls isoforms of the heat 

shock protein 70 family are highlighted at the top of the gel (see thin arrow), while 

cytoplasmic actin is indicated by the thicker arrow. 

Figure 16 (B), represents a Western blot containing the proteins from heat 

shocked tail tissues detected with N-27. Three isoforms of hsp70, namely spot 2 with a 

pI of5.75; spot 3 with a pI of5.90; and spot 4 with a pI of5.95, can be observed. 
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Figure 15. Graph depicting the means and standard deviations (n=5) ofR.O.D.s for hsp70 
protein from various samples as determined by quantitative Western blotting. Proteins 
were obtained from the following tissues: control tail and limb (OT, OL); amputated tail 
and limb (IT,lL); heat shocked tail and limb (RST, RSL). 
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Table 3. Determination of the Wilcoxon probability index and the decision on the null 
hypothesis which states that there are no significant differences between the pair of 
samples of newt proteins from controls (OT, OL), amputated tails and limbs (IT,lL) and 
heat shocked tail and limb tissues (HST, HSL) (n=5). 
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A. 
Sample comparisons Wilcoxon probability index Decision on the null 

hypothesis 
OT-OL 0.3 fail to reiect 
OT-IT 0.5 fail to reiect 

OT-HST 0.3 fail to reiect 
OL-IL 0.3 fail to reiect 

OL-HSL 0.2 fail to reiect 
IT-IL 0.3 fail to reiect 

IT-HST 0.2 fail to reiect 
lL-HSL 0.1 fail to rei ect 

HST-HSL 0.5 fail to reiect 



Figure 16. Imaged Silver stained gel and Western blot of,protein sample from newt tail 
and limb tissues. (A) Silver stained 2D gel loaded with 50/.lg of proteins from control 
limb tissue COL). The thick arrow indicates actin while the thin one indicates hsp70 
family. (8) Western blot containing proteins from heat shocked tails (HST). Hsp70 was 
detected using antibody N-27. 

Legend; 

B. Spot2= 70kDa protein with a pI of5 .75 
Spot3= 70kDa protein with a pI of5.90 
Spot4= 70kDa protein with a pI of 5.95 
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As described in the Methods and Materials section, to quantitate the relative 

amounts ofhsp70 protein in various spots, the relative optical density values for each 

isoform on the Western immunoblot were divided by the relative optical density readings 

obtained for the actin spot on the silver stained gels. In Table 4, the RO.D.s for hsp70 

for each spot in all samples are listed and depicted graphically in Figure 17. According 

to this graph, spot 3 in most samples (OT, OL, 1 T, 1L and HSL) represents the most 

abundant isoform of hsp70. Furthermore, HST and HSL show some differences with 

respect to isoforms expressed in response to heat. In the former, four isoforms 2,3, 4 and 

5 appear (although isoforms 2 and 5 did not appear for both duplicates) and in the latter 

only two spots (3 and 4) were evident in either duplicate gellblot. 

Due to the small number of replicates for this experimental set, no statistical 

analysis could be performed. Thus, visual comparisons between similar isoforms in 

different samples (Table 4) were made and these are only trends. The level of total 

hsp70 (in all three spots) in unamputated tail tissues appeared to be elevated relative to 

that seen in limb tissues at time o. Hsp70 isoforms 4 seemed to be slightly greater in OT 

than in 1 T samples, while isoform 2 and 3 were relatively equivalent in OT and 1 T. The 

level of hsp70 for isoforms 2 and 3 in OL appeared to be lowered compared to the one in 

1L, except for isoform 4. The amount of hsp70 (3, 4) for 1 T seemed to be greater than 

that for lL, apart from isoform 2. Level of hsp70 (2, 3, 4) for OT appeared to be greater 

than that for HST. It must be noticed, however, that the sample HST showed an extra 

isoform, namely spot 5. According to Table 4, the level ofhsp70 (3, 4) in OL seemed 

equivalent to that in HSL, although no isoform 2 was present in this last 



Table 4. Effects of amputation on hsp expression in tails and limbs. Mean RO.D.s and 
standard deviations (n=2) forhsp isoforrns as deterrninelby 2D Western blotting are 
listed. 

Legend; 

OT= tail tissue amputated at 0 hour 
OL= forelimb tissue amputated at 0 hour 
1 T= 1 hour post-amputated tail tissue 
1 L= 1 hour post-amputated forelimb tissue 
HST= heat shocked tail tissue 
HSL= heat shocked forelimb tissue 
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Samples (n=2) Spot numbers Means ofR.O.D. Standard deviations 
of R.O.D. 

OT 2 0.3 0.4 
3 0.9 0.8 
4 0.5 0.4 

OL 2 0.0 0.0 
3 0.3 0.0 
4 0.2 0.0 

IT 2 0.3 0.0 
3 0.9 0.5 
4 0.2 0.1 

lL 2 0.6 0.1 
3 0.7 0.1 
4 0.0 0.1 

HST 2 0.0 0.0 
3 0.2 0.1 
4 0.1 0.0 
5 0.2 0.4 

HSL 3 0.2 0.1 
4 0.2 0.1 



Figure 17. Graph depicting the means and standard devia;ions (n=2) of R.O.D.s hsp70 
isoforms from various samples as detennined by quantitative 20 Western blotting. 
Proteins were obtained from the following tissues: control tail and limb (OT, OL); 
amputated tail and limb (1 T, 1 L); heat shocked tail and limb (HST, HSL). 

L.egend; 

Spot2= 70kOa protein with a pI of 5.75 
Spot3= 70kDa protein with a pI of 5.90 
Spot4= 70kOa protein with a pI of5.95 
Spot5= 70kOa protein with a pI of6.03 

IOI 
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tissue. Finally, the amount ofhsp70 (3, 4) for HST and HSL appeared more or less 

equivalent, except for the presence of isoforms 2 and 5 in the former tissue. 
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According to these results, it can be hypothesized since the results were only 

trends, that amputation and heat shocked newt limb and tail tissues seem to differentially 

affect the accumulation of the hsp70 isoforms in stump tissues. For instance, the 

concentration of isoform 2 was upregulated in amputated forelimbs only. The level of 

isoform 3 appeared elevated in amputated limbs contrarily to amputated tails. Isoform 4 

concentrations seemed to be downregulated for both amputated tissues. Hyperthermia 

appeared to generate a decrease in level of hsp70 isoforms in tail tissues, except for 

isoform 5. Heat shocked limbs demonstrated different trends where isoforms 2 was 

absent and the levels of isoform 3 and 4 showed little change. 

Analysis of Northern blots 

Figure 18 (A) is an example of a typical Northern blot stained with methylene 

blue and containing total RNA from OT, OL, 1 T, lL and heat shocked liver tissues. The 

two major ribosomal RNA species 18S and 28S, can be visualized in all lanes. The same 

blot was hybridized with a 32p labeled-newt hsp70 cDNA fragment (see Methods and 

Materials section). The resulting autoradiograph can be seen in Figure 18 (B). The 

accumulation of transcripts appear clearly as one band at approximately 2.4kb. 

To quantitate the level of expression ofHSP70 mRNA in the various tissues, the 

relative optical density values were obtained from the autoradiographs for each sample 

and divided by the total of the relative optical density readings for the 18S and 28S bands 

on the methylene blue stained blots (see Methods and Materials section). The means of 



Figure 18. fmaged Methylene blue stained gel and autoragiograph of total RNA from 
newt tail, limb and liver tissues. (A) Methylene blue stained Northern blot containing 
20 ).lg of total RNA from controls (OT, OL); amputated tails and limbs (1 T, lL) and heat 
shocked li ver tissues (HS liver). (8) Autoradiograph of blot in (A) after hybridization 
with a 32P-labeled newt hsp70 cDNA fragment. Due to nonlinear hybridization spots in 
both A. and B., it must be reminded that the hybridization signals for every lane were 
norma lized relative to their corresponding rRNAs for mit,'Tation distance. 
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the RO.D. ratios +/- standard deviations for OT, OL, 1 T, 1L and HS liver are listed in 

Table 5 and demonstrated graphically in Figure 19. 
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As can be seen in Table 5, the number of replicates within samples varies from 

three to five. Blots in which RNA degradation was apparent in some samples were not 

included in the analysis. Again, the low number of replicates precluded a rigorous 

statistical analysis. Thus, comparisons between the means and standard deviations in the 

amounts ofHSP70 mRNA in different samples were made (Table 5). No significant 

differences between the various levels were determined (68% confidence) when the 

means equaled and/or were lower than the standard deviations. The level ofHSP70 

mRNA in OT was relatively equivalent to that of OL. These results were also observed in 

the case of 1 T and IL transcripts. OT hsp70 transcripts did not show any significant 

differences with the level of 1 T transcripts. The level ofHSP70 mRNA in OL was 

equivalent to that in IL. Finally, HS liver, which has previously been observed to 

contain high concentrations ofHSP70 mRNA was used as a control for the hybridization 

procedures. HST and HSL were not utilized in this experiment. It was determined 

earlier, that the amount ofHSP70 mRNA is significantly elevated following heat shock 

treatments when compared to unstressed limb and tail tissues (Fraser, 1989). In this 

study, HS liver tissues demonstrated the highest level ofHSP70 mRNA of all the samples 

(OT,OL, IT, and 1L). 

In summary, according to these results amputation of the tail and forelimb tissues 

do not show significant differences in the level ofHSP70 mRNA when compared to that 
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Figure 19. Graph depicting the means and standard deviations (n=3-5) ofRO.D.s of 
HSP70 total RNA from various samples as determined by Northern blotting. Total RNA 
was obtained from the following tissues: control tail and limb (OT, OL); amputated tail 
and limb (IT,lL); heat shocked liver (HS liver). 
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Table 5. Mean ratios and standard deviations ofHSP70 with respect to 18S and 28S 
rRNA on Northern blots. Samples are control tissues (OT, OL); amputated tails and 
forelimbs (1 T, lL) and heat shocked liver tissues (HS liver). 
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Samples Means ofR.O.D Standard deviations of 
R.O.D. 

OT (n=3) 0.3 0.2 
OL (n=4) 0.3 0.1 
IT (n=5) 0.3 0.1 
lL (n=5) 0.3 0.1 

HS liver (n=3) 0.4 0.1 
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of their respective unstressed tissues. Finally, HS liver tissues appeared to demonstrate 

levels ofHSP70 mRNA greater than those observed for all the other four samples. 
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Discussion ;. 

This study was performed in order to determine if amputation of urodele 

amphibian limbs and tails generated a differential response in terms of heat shock protein 

and RNA expression. These objectives were based on earlier work by Carlone and Fraser 

(1989) which showed that amputation produced a rapid and prolonged decrease in the 

amount of hsp70 protein observed in limb stump tissues when compared to those of 

unamputated limb tissues. This trend, however, was not detected in amputated tail 

stumps. 

Several aspects of the study by Carlone and Fraser (1989), needed to be 

reexamined and extended. For instance, the levels ofhsp70 proteins were not rigorously 

quantitated in their experiments. Furthermore, there were no attempts to determine 

which, if any isoforms of hsp70 were differentially affected. Finally, no examination of a 

differential response to amputation in both appendages at the level of transcription, were 

performed. 

tD SDS-PAGE Western blots 

In this thesis, no significant differences, following amputation of both newt limbs 

and tails, were observed in total hsp70 protein accumulation assessed by ID Western 

blotting. Unlike the previous results of Carlone and Fraser (1989), no decrease in total 

hsp70 proteins in response to forelimb amputation was observed. The results with respect 

to tail amputation were similar to those previously published (Carlone and Fraser, 1989) 

namely, the maintenance of a steady-state level of hsp70 protein. 
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The lack of significant differences in total hsp70 protein levels between controls 

and ! hour post-amputated tissues obtained in this thesis, appears to agree with the data 

ohta ined by Tam et a!. (1992). However, their study was I ill1ited to the determination of 

lc\ '<: !s uf hsp70 protein synthesis following limb amputation, \\hile I investigated the total 

JmO LInt ofhsp70 protein accumulated resulting from such trauma According to Tam et 

,Ii. ( 1991 ), no significant increase in the incorporation or I; 's Imcthionine into ncvvly 

':' nth csi72d hsp70 occurs follow'ing amputation (3 to 6 hours suhsequcnt to this 

, n~ch a ni c al trauma). Furthennore, they detemlined that hsp90 protcins appeared to be 

: ;' .. ..? l~redominant type upregulated following amputation of tile forelimb, whilc hsp70 

;.'C,l i11 C thc most highly induced after heat shock. 

In the present study, it was found that no signi ficant \ arlatl ons in tota l hsp70 

... '>lci n le\els in either nevvt forelimbs or tails occurred rullo\\lng hyperthermia, when 

"-; '1]pared to control tissues (OT and OL). These results are in agreement with data 

"i ,li!1d earl ier by Carlone and Fraser (1989), where the levels of total hsp70 protein in 

d •• , tcm:limbs. following heat shock, were similar to those of the control (unstressed 

.""'~lil11bs) , This result was originally believed to be due to decreased cross-reactivity of 

.'- antibody N-27 with the heat inducible form of the hsp70 In nc\\ts. Subsequent 

::, ::C5 dlc;counted that possibility (Carlone et aI. , 1993) The lack of increase in total 

':; ~n plOlc in following heat shock could be due to differential regulation of some hsp70 

u :, l rT!~: Perhaps some forms are upregulated while others dec rease. Others have 

'<T c:d differential regulation ofhsp70 isoforms in respon ~e to heat in Drosophila 

. ,..;r~; ~ll .. 1986) 
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In other studies, heat shock also appeared to result in an increase in heat shock 

proteins in most tissues. For instance, Ruder et al. (1989) observed the increased 

synthesis ofhsp70 and hsp28, following 15 minutes of heat shock in the nerve cord 

tissues of the American cockroach. It took an extra 15 minutes for the induction of 

hsp83. The synthesis of heat shock proteins 70 were also noticed in rat retinal ganglion 

cells following heat shock (Manzerra and Brown, 1992). Moreover, rabbit brain 

hyperthermia generated the upregulation of the constitutive form in the neuronal grey 

matter, while the inducible form was observed in glial cells of the white and the grey 

matter (Manzerra and Brown, 1992). On one-dimensional SDS-PAGE gels, Tam et a1. 

(1992) observed the induced synthesis ofhsp90, hsp70 and hsp30 proteins after heat 

shock of forelimbs in the newt Notophthalmus viridescens. 

2D Western blots 

This work was an extension of that initiated by Carlone and Fraser (1989) and 

was used to determine whether differential expression of the various hps70 isoforms 

occurred as a result of heat and mechanical trauma. Unfortunately, the number of 

replicates were low and no statistical analysis of the data could be performed. 

Amputation of the tail of N viridescens did not generate changes in the level of 

hsp70 isoforms 2 and 3 with pI of 5.75 and 5.90, respectively. Conversely, the levels of 

isoform 4 with a pI of 5.95 appeared to be downregulated following tail amputation. 

Amputation of the forelimb elicited a different response. Contrarily to the tail, isoform 2 

seemed to be upregulated one hour after limb amputation. This however was 
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accompanied by an increase in isoform 3 which appeared to be unchanged in the tail 

following this trauma. Isoform 4, as in the tail, showed a decrease as well. According to 

these results, it would appear that isoform 4 becomes downregulated as a result of 

amputation in both limbs and tails. On the other hand, isoform 2 appeared to be 

upregulated in only amputated forelimbs . Finally, the levels ofhsp70 isoform 3 seemed 

to be increased only in the forelimbs as a result of amputation. These results differ 

somewhat with those of Carlone et al. (1993), who studied the effect of heat shock on the 

regulation of the various hsp70 isoforms. They determined that isoform 2 was the 

constitutive form and that isoforms 3 and 4 were the heat-inducible types. The 

upregulation of isoform 2, after limb amputation, is reasonable since it has been 

demonstrated that the constitutive forms of hsp70 proteins are involved in both 

unstressed (i.e. normal development) and stressed conditions (i.e. amputation, 

hyperthermia, etc.) (Carlone et al., 1993). However, the unchanged level ofisoform 3 (in 

tail tissues) and the downregulation in isoform 4 are more difficult to explain. Trauma 

could result in an increased rate of degradation of a specific protein. This might be 

achieved through two mechanisms. The heat shock proteins could possibly bind to their 

own transcripts in order to promote degradation. Alternatively, the hsps might associate 

with other hsps and target them for degradation (DiDomenico et al., 1982). Trauma 

could also have a decreasing effect on the rate of synthesis of a specific protein. This 

could be achieved by a block on the transcription of genes through the accumulation of 

heat shock proteins. On the other hand, the hsps might block the translational processes, 

thus affecting the rate of synthesis of heat shock proteins (DiDomenico et al., 1982). 



Finally, trauma could possibly have an effect on the hsp activation through post

translational modifications such as phosphorylation, which might render the affected 

protein less apt to bind to the antibody N-27 utilized in this project (Burdon, 1986). 

In this project on 2D Western blots, it appeared that hyperthermia generated a 

decrease in the levels of hsp70 isoforms 2, 3 and 4 in tails. One isoform 

116 

(5, pI of6.03) was increased in tail tissues as a result of heat shock. This isoform was 

determined earlier to be a heat-inducible form in the limb (Carlone et aI. , 1993). In this 

work neither isoforms 2 nor 5 were observed in heat shocked forelimb tissues. Isoform 3 

(pI of 5.90) and isoform 4 (pI of 5.95) did not seem to show any significant differences 

in limb tissues as a result of hyperthermia, when compared to the control. 

The present results are in contrast to those of Carlone et ai. (1993). In that study, 

hsp70 isoforms 3 to 5 (pIs of 5.90,5.95 and 6.03, respectively) were elevated in response 

to heat shock in N viridescens limbs. While here, hyperthermia in tails appeared to 

generate a decrease in the levels ofhsp70 isoform 3 and 4 while an increase for isoform 5 

was observed. Furthermore, heat shocked limb tissues seemed to demonstrate unchanged 

expression in isoform 3 concentrations and in isoform 4 levels. Tam et al. (1992) 

detected a heat-induced synthesis ofhsp70 variants with pIs of 6.2,6.3 and 6.4 in newt 

limb tissues. 

The different pattern of expression of hsp70 isoforms obtained in this thesis upon 

hyperthermia, could be explained in terms of thermotolerance. Thermotolerance is 

defined as an increased tolerance of cells to a particular stress if they have been 

previously exposed to a less dramatic form of this stress (Hotchkiss et aI., 1993). 
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Furthermore, one type of trauma will create a tolerance of cells toward another type of 

stress (Lindquist, 1988). The newts for this set of experiments had limbs which had been 

previously amputated. They were utilized when they had attained fully regenerated 

appendages. In many experiments, to assess the effects of heat shock, limb tissues are 

heat stressed and subsequently amputated to obtain tissues. Even though every effort was 

made to immediately freeze tissue samples in liquid nitrogen, the results of such 

successive trauma could have led to thermotolerance. 

Northern autoradiographs 

It has been determined earlier, that the upregulation of HSP70 mRNA 

transcription occurred following hyperthermia. For instance, Manzerra and Brown 

(1992) observed the induction ofHSP70 rnRNA in glial cells of both the white and grey 

matter, during heat shock treatments in the rabbit spinal cord. This increase in the 

formation ofHSP70 transcripts was also noticed in the American cockroach during 

hyperthermia. Northern hybridization analyses using Drosophila HSP70 and HSP83 

probes revealed an increased expression of2.6 and 3.1 kilobase mRNA, respectively 

(Ruder et aI., 1989). 

Therefore, the last objective of this present project was to determine if 

amputation in N viridescens resulted in similar differential transcription of HSP70 

mRNA. Amputation of both limbs and tails did not lead to any significant differences in 

the level ofHSP70 mRNA when compared to the respective controls. 
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A comparison of hsp70 proteins and transcripts in amputated limbs and tails 

From the above results, there appear to be differences between the expression of 

the various hsp70 isoforms in the newt tail and limb tissues. These variations in protein 

levels between forelimbs and tails could possibly be explained in terms of morphological 

differences between these two appendages. First, these two types of appendages are 

positioned in different axes of the body, the tail being more caudally located with respect 

to the forelimbs and representing a posterior extension of the major anterior/posterior 

axis. Due to these differences in position, the cells within the tail and forelimbs might 

retain unrelated positional memories. Thus, they regenerate distinct appendages 

corresponding to these positional memories. Secondly, they develop at different 

developmental times. The tail develops first during neurulation followed later by the 

forelimbs. Finally, the tail and forelimbs possess similar tissues and cells except for the 

presence ofthe spinal cord in the tail. Although, the forelimbs contain a nerve supply, 

these peripheral nerves have a different developmental origin than do spinal cord neurons 

(Gilbert, 1991). 

According to the results obtained in this thesis, it appears that the level ofHSP70 

mRNA, is not affected following amputation in both the tail and forelimb tissues of the 

newt. Furthermore, total hsp70 protein level fails to show an increase in either tailor 

limb tissues as a result of amputation. The situation is more complex however, when the 

regulation of individual hsp70 isoforms is examined as a consequence of amputation. 

For example, isoform 2 and 3, with pIs of 5.75 and 5.90, respectively, are differentially 
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regulated in limbs and tails after injury. They increase in limb stumps relative to 

measured levels in unamputated tissues and remain unchanged in amputated tails. It is 

possible that these isoforrns are either not expressed or are expressed at a low level in the 

damaged spinal cord, thus accounting for the overall decrease in the tail. 
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Conclusions 

The heat shock proteins of the 70kDa family have been postulated to playa role 

in both developmental and regeneration processes, in addition to their normal function in 

maintenance of cell viability following stresses such as hyperthermia. In this thesis, no 

significant differences in the concentration of total hsp70 proteins were observed in 

either limbs or tails of the newt N viridescens after heat shock and amputation. The 

level of some hsp70 isoforms appeared to be differentially regulated in these tissues, 

however. For instance, hsp70 isoform 2 (pI of5.75) and isoform 3 (pI of5 .90) seemed to 

be upregulated in only stump tissues of amputated forelimbs. Hsp70 isoform 4 (pI of 

5.95) appeared to be downregulated in both tissues after amputation. Finally, it was 

found that amputation of both forelimb and tail stumps showed no significant differences 

in the level ofHSP70 mRNA transcripts. 



References 

Abravaya, K., B. Phillips and R. r. Morimoto. 1991. Attenuation of the heat shock 
response in HeLa cells is mediated by the release of bound heat shock 
transcription factor and is modulated by changes in growth and in heat shock 
temperatures. Genes Dev. 5: 2117-2127. 

Amin, 1., 1. Ananthan and R. Voellmy. 1988. Key features of heat shock regulatory 
elements. Mol. Cell. BioI. 8: 3761-3769. 

Amin, 1. , M. Fernandez, 1. Ananthan, 1. T. Lis and R. VoeUmy. 1994. Cooperative 
binding of heat shock transcription factor to the Hsp70 promoter in vivo and in 
vitro . .J. Bioi. Chem. 269: 4804-4811. 

121 

Ang, D. , K. Liberek, D. Skowyra, M. Zylicz and C. Georgopoulos. 199 I . Biological role 
and regulation of the universally conserved heat shock proteins . .J. BioI. Chem. 
266: 24233-24236. 

I 

Anson, 1. F., W. G. Hinson, J. L. Pipkin, R. F. Kwarta, D. K. Hansen, J. F. Young, E. R. 
Bums and D. A. Casciano. 1987. Retinoic acid induction of stress proteins in fetal 
mouse limb buds. Dev. BioI. 121: 542-547. 

Baler, R. , W. 1. Welch and R. Voellmy. 1992. Heat shock gene regulation by nascent 
polypeptides and denatured proteins: hsp70 as a potential autoregulatory factor. 
1. Cell. BioI. 117: 1151-1159. 

Beauchemin, M. and P. Savard. 1992. Two distal-less related homeobox-containing 
genes expressed in regeneration blastemas of the newt. Dev. BioI. 154: 55-65. 

Becker, W. M. 1986. The world of the cell. Copyright by the Benjamin/Cummings 
Publishing Company, Inc., USA. pp. 644-646. 

Becker, J. and E. A. Craig. 1994. Heat-shock proteins as molecular chaperones. Eur.1. 
Biochem. 219: 11-23. 



Bond, U. and M. 1. Schlesinger. 1987. Heat-shock proteil)s and development. Adv.Genel. 
24: 1-29. 

Bradfo rd, M. 1976. Rapid sensitive method for quantitation of microgram quantities of 
protein utilizing principles of protein dye binding. "ina/. 8iochem.72: 148-260. 

Brat lL W., D. Schlossman, S. Schmid and J. Rothmann. 198~ Dissociation of clathrin 
coats coupled to the hydrolysis of A TP: role of an uncoating ATPase. J. Cell. 
8m/. 99: 734-741. 

!-3 rock ~s. J. P. 1984. Mitogenic growth factors and nerve dependence of limb 
regeneration. Science 225: 1280-1287. 

:}mcKeS. J P. 1987. The nerve dependence of amphibian limb regeneration. J. Etp. Rio/. 
131: 79-91. 

:i·UC KeS. J. P. 1992. Introduction ofa retinoid reporter gene Into the urodele limb 
blastema Proc. Natl. Acad. Sci. US4. 89: 11387-11390 

,'rockes. J. P. 1994. New approaches to amphibian limb regeneration. Irene/.\" Gelle/. 

10: 169-173. 

,':; ro\\ der. L. W. , C. A. Erickson and W. R. Jeffery. 1991. Developmental biology, 3rd ed. 
Copyright by Saunders College Publishing, U.S.A. pp. 608-629. 

dr~ ant. S Y., Y. French and P. 1. Bryant. 1981. Distal regeneration and symmetry. 
,I.,'cience 212: 993-1002. 

"·:.:Hlt. S. Y and K. Muneoka. 1986. Views of limb developmcntand regeneration. 
I"cllds' Genet. 2: 153-159. 

," :lil l. S V . D. M Gardiner and K. MuneoKa. 1987. Limb development and 
regeneration. Amer. Zoo/. 27: 675-696. 



Bryant, S. V. and D. M. Gardiner. 1992. Retinoic acid, Iqcal cell-cell interactions, and 
pattern fonnation in vertebrate limbs. Dev. Bio!. 152: 1-25. 

I T' - -' 

Burdon, R. H. 1986. Heat shock and the heat shock proteins. Biochem . .J. 240: 313-324. 

Buzin, C. H. and N. Bournais-Vardiabasis. 1984. Teratogens induce a subset of small 
heat proteins in Drosophila primary embryonic cell cultures. Proc. Nat!. Acad 
Sci. US.A. 81: 4075-4079. 

Carlone, R. L. and G. A. D. Fraser. 1989. An examination of heat shock and trauma
induced proteins in the regenerating forelimb ofthe newt, Notophthalmus 
viridescens. pp. 17-25. V. Kiortsis, S. Koussoulakos and H. Wallace, eds., In 
Recent by Regeneration Research. pp. 17-25. Plenum Publishing Corporation, 
New York. 

Carlone, R. L., R. P. Boulianne and A. J. Link. 1992. Identification of proteins potentially 
involved in proximal-distal pattern formation in the regenerating forelimb of the 
newt. Biochem. Cell Bio!. 70: 285-290. 

Carlone, R. L., R. P. Boulianne, K. M. Vijh, H. Karn and G. A. D. Fraser. 1993. Retinoic 
acid stimulates the synthesis of a novel heat shock protein in the regenerating 
forelimb ofthe newt. Biochem. Cell Bio!. 71: 43-50. 

Carlson, B. M. 1975. The effects of rotation and positional change of stump tissues upon 
morphogenesis of the regenerating axolotl limb. Dev. Bio!. 47: 269-291. 

Chomczynske, P. and N. Sacchi . 1987. Single-step method of RNA isolation by acid 
guanidium thiocyanate-phenol-chloroform extraction. Ana!. Biochem. 
162: 156-159. 

Christ, B. , H. 1. Jacob and M. Jacob. 1977. Experimental analysis of the origin of the 
wing musculature in avian embyos. Anat. Embryo!. 150: 171-186. 



124 

Cosgrove, J W. and I. R. Brown. 1983. Heat shock protein in the mammalian brain and 
other organs following a physiologically relevant increase in body temperature 
induced by LDS. Proc. Natf. Acad. Sci. USA . 80: 569-573. 

Craig, E. A. 1990. Role ofhsp70 in translocation of proteins across membranes. 
pp.279-286. R. 1. Morimoto, A. Tissieres and C. Georgopoulos, eds., Stress 
proteins in bioloblJ' and medicine. Cold Spring Harbour Laboratory Press, Cold 
Spring Harbour, New York. 

C urrie. R. W. and F. P. White. 1981. Trauma-induced protein in rat tissues: a 
physiological role for a "heat shock" protein. Science 214 72-73. 

D~shaies, R. J, B. D. Koch, M . Werner-Washburne, E. A. Craig and R. Shekman. 1988. 
A subfamily of stress proteins facilitates translocation of secretory and 
mitochondrial precursor polypeptides. Nature 332: 800-805. 

Di Domenico, B. J, G. E. Bugaisky and S. Lindquist. 1982. The heat shock response is 
self-regulated at both the transcriptional and posttranscriptionaileveis. Cell 
31: 593-603. 

Dit:nel, G. A., W. A. Pulsinelli and T. E. DuffY. 1980. Regional protein synthesis in rat 
brain following acute hemispheric ischemia. 1. Neurochem. 35: 1216-1226. 

DuhouJe. D. 1991. Patterning in the vertebrate limb. Curl'. ()Pfl7. (;cl1et. Dc\,. 

1: 211-216. 

!·all\.)f1, J. F. and G. M. Crosby. 1977. Vertebrate limb and somite morphogenesis. 
pp. 55- 69. D. A. Ede, 1. R. Hinchliffe and M. Balls. eds. Cambridge University 
Press . 

F~lllon . .r Foo A. Lopez, M. A. Ros, M. P. Savage, B. B. 0lw1n and B. K. Simandl. 1994. 
FGF-2: Apical ectodennal ridge growth signal for chick limb development. 
.\Ullire 264: 104-107. 



125 

Fernandes, M., H. Xiao and 1. T. Lis. 1994. Fine structure analyses of the Drosophila and , 
Saccharomyces heat shock factor- heat shock element interactions. Nucleic Acid 
Res. 22: 167-173. 

Ferretti, P. and J. P. Brockes. 1991. Cell origin and identity in limb regeneration and 
development. Glia 4: 214-224. 

Fraser, G. A D. 1989. Amputation of heat induced protein synthesis in the regenerating 
forelimb of Notophthalmus viridescens. pp. 138-140. Thesis of Master of Science, 
Brock University, Canada. 

French, v., P. J. Bryant and S. V. Bryant. 1976. Pattern regulation in epimorphic fields. 
Science 193: 969-981. 

Fujio, N., T. Hatayama, H. Kinoshita and M. Yukioka. 1987. Induction of four heat-shock 
proteins and their mRNAs in rat whole-body hyperthermia. J. Biochem 
101: 181-187. 

Gaitanaris, G. A, A G. Papavassiliou, P. Rubock, S. 1. Silverstein and M. Gottesman. 
1990. Renaturation of denatured A repressor requires heat shock proteins. Cell 
61: 1013-1020. 

Gi lbert, S. F. 1991. Developmental biology, 3rd ed. Copyright by Sinauer Associates, 
Inc., Massachusetts. pp. 608-629. 

Georgopoulos, c., K. Tilly, D. Ang, G. N. Chandrasekhar, O. Fayet, 1. Spence, T. 
Ziegelhoffer, K. Liberek and M. Zylicz. 1989. The role of the Escherichia coli 
heat shock proteins in bacteriophage lambda growth. pp. 37-47. M. L. Pardue, J. 
R. Feramisco and S. Lindquist, eds., Stress-induced proteins. UCLA symposia on 
molecular and cellular biology new series by A R. Liss, Inc., New York. 

Gernold, M., U. Knauf, M. Gaestel, 1. Stahl and P. M. KloetzeI. 1993. Development and 
tissue specific distribution of mouse small heat shock protein hsp25. Dev. Genet. 
14: 103-11 1. 



Gething, M.-J. and J. Sambrook. 1992. Protein folding in,.the cell. Nature 355: 33-44. 

(iower, D. J , C. Hollman, K. S. Lee and M. Tytell. 1989 Spinal cord injury and the 
stress protein response. J Neurosurg. 70: 605-61 I. 

126 

Gross, C. A. , D. B. Straus, J W. Erickson and T. Yura. 1990 The function and regulation 
of HSPs in Escherichia coli. pp. 167-189. R. I. Morimoto. A. Tissieres and C. 
Georgopoulos, eds. Stress proteins in biolob'Y and medicine. Cold Spring Harbour 
Laboratory Press, Cold Spring Harbour, New' York. 

(J!Ossman, A. D., D. B. Straus, W. A. Walter and C. A. Gross. 1907. (J32 synthesis can 
regulate the synthesis of heat shock proteins in Fschl'nl'lliu l ·o/i. Genes De\,. 
1: 179-184. 

· Lm:son, C. .I., A. A. Bohm and H. C. M. Nelson. 1994 Crystal qructure of the DNA 
binding domain of the heat shock transcription factor ,\CIL'lIce 263: 224-226. 

· 'l!1.L F-U., R. Hlodan and T. Langer. 1994. Molecular chaperones in protein tl')!ding: the 
art of avoiding sticky situations. TlBS 19: 20-25. 

· L:ikki la. J. J and G. A. Schultz. 1984. Different environmental stresses can activate the 
expression of a heat shock gene in rabbit blastocyst. (;oll/de Res. 10: 45-56. 

· . : : ki-; il~l. J J. 1993. Heat shock gene expression and de\elopment. II. An overview of 
mammalian and avian developmental systems. j)c,\,. (jl'llcf. 14: 87-91. 

·; ,;nLiric k, J P. and F.-U. Hartl. 1993. Molecular chaperone functions of heat-shock 
proteins . Annll. Rev. Biochem. 62: 349-384 . 

. ·,.::lO\\ er. L. E. 199 1. Heat shock, stress prote ins, chaperones. and proteotoxicity. Cell 
50: 19 1-197. 

·;chkbS. R .. L Nunna lly, S. Lindquist J Tau lien, G. Perdrtzct and 1. Karl. 1993. 
Hyperthermia protects mice against the lethal etfects of endotoxin. Amer. Ph),s. 
,<' ile' . R I--t.f7-I{ I-tS7. 



127 

Hunt, C. and R. 1. Morimoto. ] 985. Conserved features of eukaryotic hsp70 gens revealed 
by comparison with the nucleotide sequence of human hsp70. Proc. Natl. Acad. 
SL:i. USA 82: 6455-6459. 

Hutchison, K. A, K. D. Dittmar, M. J. Czar and W. B. Pratt. 1994. Proof that hsp70 is 
required for assembly of the glucocorticoid receptor into a heterocomplex with 
hsp90. J. Bioi. Chem. 269: 5043-5049. 

Hen, L. E. and S. V. Bryant. 1973. Forelimb regeneration from different levels of 
amputation in the newt, Notophthalmus viridiscens: length, rate, and stages. 
Wilhelm Raux's Arch. Dev. BioI. 173: 263-282. 

Laufer, E., C. E. Nelson, R. L. Johnson, B. A Morgan and C. Tabin. 1994. Sonic 
. hedgehog and Fgf-4 act through a signaling cascade and feedback loop to 

integrate growth and patterning of the developing limb bud. Cell 79: 993-1003. 

Lheureux, E. 1975. Regeneration des membres irradies de Pleurodeles waltlii Michah 
(urodele). Influence des qualites et orientation des greffons non irradies. 
Whilhelm Roux 's Arch. Dev. Bioi. 176: 303-327 . . 

Lindquist, S. 1981. Regulation of protein synthesis during heat shock. Nature 
293: 311-314. 

Lindquist, S. 1986. The heat-shock response. Annu. Rev. Biochem. 55: ] 151-1191. 

Lindquist, S. and E. A Craig. 1988. The heat-shock proteins. Annu. Rev. Genet. 
22: 631-677. 

Lo, D. c., F. Allen and 1. P. Brockes. 1993. Reversal of muscle differentiation during 
urodele limb regeneration. Proc. Nat!. Acad. Sci. USA 90: 7230-7234. 

Maden, M., S. Keeble and R. A Cox. 1985. The characteristics oflocal application of 
retinoic acid to the regenerating axolotl limb. Wilhelm Roux's Arch. Dev. Bioi. 
194: 228-235. 



128 

Maden, M. 1993. The homeotic transformation of tails inJo limbs in Rana temporaria by 
retinoids. Dev. BioI. 159: 379-391. 

Manzerra, P. and L R. Brown. 1992. Expression of heat shock genes (hsp70) in the rabbit 
spinal cord: localization of constitutive and hyperthermia-inducible mRNA 
species. 1. Neurosci. Res. 31: 606-615. 

Mendelsohn, c., E. Ruberte and P. Chambon. 1992. Retinoid receptors in vertebrate limb 
development. Dev. Bio!. 152: 50-61. 

Mendenhall, W. 1987. Introduction to probability and statistics. PWS-Kent Publishing 
Company, U.S.A. pp. 676-679, 747-751. 

Mi laire, J. and M. Rooze. 1983. Hereditary and induced modificati ons of the normal 
necrotic patterns in the developing limb buds of the rat and mouse: facts and 
hypotheses. Arch. Bioi. 94: 459-490. 

Morimoto, R. Land K. L. Milarski. 1990. Expression ~ndfunction of vertebrate hsp70 
gene. pp. 323-359. R. L Morimoto,k A. Tissieres and C. Georgopoulos, eds., 
Stress proteins in biology and medicine. Cold Spring Harbour Laboratory Press, 
Cold Spring Harbour, New York. 

Morimoto, R. L, A. Tissieres and C. Georgopoulos. 1990. The stress response, function 
of the proteins and perspectives. pp.I-36. R. 1. Morimoto, A. Tissieres and C. 
Georgopoulos, eds., Stress proteins in biology and medicine. Cold Spring Harbour 
Laboratory Press, Cold Spring Harbour, New York. 

Morimoto, R. 1. 1993. Cells in stress: transcriptional activation of heat shock genes. 
Science 259: 1409-1410. 

Muneoka, K. and S. V. Bryant. 1982. Evidence that patterning mechanisms in 
developing and regenerating limbs are the same. Nature 298: 369-371. 

Muneoka, K. and S. V. Bryant. 1984. Cellular contribution to supernumerary limbs 
resulting from the interaction between developing and regeneration tissues in the 
Axolotl. Dev. Bio!. 105: 179-187. 



Muneoka, K. andD. Sassoon. 1992. Molecular aspects of regeneration in developing 
vertebrate limbs. Dev. BioI. 152: 37-49. 

129 

Niazi, I. A., M. J. Pescitelli and D. L. Stocum. 1985. Stage-dependent effects ofretinoic 
acid on regenerating urodele limb. Wilhelm ROlLr: 's Arch. f)e v. BioI. 194: 355-363. 

"~ is\Vander, L. , C. Tickle, A. Vogel, r. Booth and G. R. Martin. 1993. FGF-4 replaces the 
apical ectodermal ridge and directs outgrowth and patterning of the limb. Cell 
75: 579-587. 

"!0j i. S. T. Nohno, E. Koyama, K. Ohyama, Y. Aoki, K. Tamura . K. Ohsllgi , H. Ide, S. 
Taniguchi and T. Saito. 1991. Retinoic acid induces polarizing activity but is 
unlikely to be a morphogen in the chick limb bud SU/lire 350: 83-86. 

'<owak. T. S. Jr. 1985. Synthesis of a stress protein fol1o\\lng transient ischemia in the 
gerbil. .J Neurochem. 45: 1635-1641. 

,_,\\ <lk , T. S. Jr. 1991. Localization of70kDa stress protein mRNA induction in gerbil 
brain after ischemia. J Cereb.l Blood Flow Me/uh. 1 I. '+32-439. 

ite r, K. B., M. Watanabe, L. Stinson, A. P. Mahowald and E. A. Craig. 1986. 
Expression and localization of Drosophila meianogasfa hsp70 cognate proteins . 
. Hul. Cell. BioI. 6(#4): 1187-1203. 

) ~cha n. P. M. 1991. Heat shock proteins and cell proliferation. i'Fm,/280: 1-4. 

" _· :l1am. H. 1985. Activation of heat-shock genes in eukaryotes henc/\ Gene!. 
L 31-35. 

';,!; :.lI11 . H. R. B. 1986. Speculations on the functions of the major heat shock and 
glucose-regulated proteins. Cell 46. 959-961. 



130 

Pelham, H. R. B. 1990. Functions of the hsp70 protein faJllily: an overview. pp. 287-299. 
R. I. Morimoto, A. Tissieres and C. Georgopoulos, eds., Stress proteins in 
biology and medicine. Cold Spring Harbour Laboratory Press, Cold Spring 
Harbour, New York. 

Pratt, W. B. 1993. The role of heat shock proteins in regulating the function, folding, and 
trafficking of the glucocorticoid receptor. J. Bioi. Chem. 268: 21455-21458. 

Radhey, S., Gupta and B. Singh. 1992. Cloning of the hsp70 gene from Halobacterium 
marismortui: relatedness of Archaebacteria hsp70 to its eubacterial homologs and 
a model for the evolution of the hsp70 gene. J. of Bacteriol. 174: 4594-4605 . 

Ramagli, L. S. and L. V. Rodriguez. 1985. Quantitation of microgram amounts of protein 
in two dimensional polyacrylamide gel electrophoresis sample buffer. 
Electrophoresis 6: 559-563. 

Repesh, L. A. and 1. C. Oberpriller. 1980. Ultrastructural studies on migrating epidermal 
cells during the wound healing stage of regeneration in the adult newt, 
Notophthalmus viridescens. Am. J. Anal. 159: 187-208. , 

Rhoads, R. E., S. Joshi-Barve and C. Rinker-Schaeffer. 1993. Mechanism of action and 
regulation of protein synthesis initiation factor 4E: effects on mRNA 
discrimination, cellular growth rate, and oncogenesis. Prog. Nucleic AcidRes. 
Mol. Bioi. 46: 183-216. 

Ritossa, F. 1962. A new puffing pattern induced by temperature shock and DNP in 
Drosophila. Experenlia 18: 571-573. 

Ruder, G. K., N. Ovsenek, J. J. Heikkila and R. G. H. Downer. 1989. Examination of heat 
shock gene expression in nerve cord isolated from heat-stressed American 
cockroach, Periplaneta americana. Biochem. Cell BioI. 67: 168-172. 

Sam brook, 1. , E. F. Fritsch and T. Maniatis. 1989. Molecular cloning: A laboratory 
manual. Cold Spring Harbour Laboratory, Cold Spring Harbour. 



Dl 

Saunders, J. W. Jr. and M. T. Gasseling. 1968. Ectodermal-mesenchymal interactions in , 
the origin of limb symmetry. pp. 78-97. R. Fleichmajer and R. E. Billingham, eds. 
Epithial-mesenchymal interactions. Williams and Wilkins, Publishing, Baltimore. 

Saunders, J. W. 1977. The experimental analysis of chick limb bud development. 
pp. 1-24. D. A. Ede, J. R. Hinchliffe and M. Balls, eds. Vertebrate limb and 
somite morphogenesis. Cambridge University Press, Cambridge. 

Scadding, S. R. and M. Maden. 1994. Retinoic acid gradients during limb regeneration. 
Dev. BioI. 162: 608-617. 

";(:hlesinger, M. J. 1990. Heat shock proteins . .!. BioI. (,h e Ill. :2 65 121 11 -12114. 

Sc hmid, D., A. Baici, H. Gehring and P. Christen. 1994. KinetICS of molecular chaperone 
action. Science 263: 971-972. 

__ chmidt, A. J. 1968. Cellular biolobl)' of vertebrate regeneration and repair. By the 
University of Chicago, U.S.A. pp. 10-30 

S'''::l r!;;s. R. L. and M. Janner. 1971. The initiation of limb bud outgrowth in the 
embryonic chick. Dev. Bioi. 24: 198-213. 

S';?ssions, S. K ., G. M. Gardiner and S. V. Bryant. 1990 Compatible limb patterning 
mechanisms in urodeles and anurans. Dev. BioI. 131: 294-301. 

): hT P A. and J. C. Way. 1993. Eukaryotic DnaJ homologs and the specificity of hsp70 
activity. Cell 74: 5-6. 

: i nger. [\;\ . 1978. On the nature of the neurotrophic phenomenon in urodele limb 
regeneration. Am. Zool. 18: 829-841. 

:\l rgc, K. D., S. P. Murphy and R. 1. Morimoto. 1993. Activation of heat shock gene 
transcription by heat shock factor-I involves oligomerization, aquisition of DNA 
binding activity, and nuclear localization and can occur in the absence of stress. 
\ /(1/. (>!! Hiol. 13: 13Q3 - 1407. 



Sorger, P. K. 1991. Heat shock factor and the heat shock response. Cell 65: 363-366. , 

Stocum, D. L. and G. E. Dearlove. 1972. Epidermal-mesodermal interaction during 
morphogenesis of the limb regeneration blastema in larval salamanders. J Exp. 
Zool. 181: 49-61. 

Stocum, D. L. 1984. The urodele limb regeneration blastema. Determination and 
organization of the morphogenetic field. Differentiation 27: 13-28. 

Stocum, D. L. 1991. Limb regeneration: a call to arms (and legs). Cell 67: 5-8. 

SummerbeII, D. 1983. The effects oflocal application ofretinoic acid to the anterior 
margin of the developing chick limb. 1. Embryol. Exp. Morpho!. 78: 269-289. 

132 

Tabin, C. 1. 1991. Retinoids, homeoboxes, and growth factors: toward molecular models 
for limb development. Cell 66: 199-217. 

Tam, Y. K., S. Vethamany-Globus and M. Globus. 1992. Limb amputation and heat 
shock induce changes in protein expression in the newt, Notophthalmus 
viridescens. J Exp. Zoo!. 264: 64-14. 

Tanguay, R. M., Y. Wu and E. W. Kbandjian. 1993. Tissue-specific expression of heat 
shock proteins of the mouse in the absence of stress. Dev. Genet. 14: 30-41. 

Tassava, R. A., D. 1. Goldhamer and B. L. Tomlinson. 1987. Cell cycle controls and the 
role of nerves and the regenerate epithelium in urodele forelimb regeneration: 
possible modifications of basic concepts. Biochem. Cell Bio!. 65: 739-749. 

Tempst, P., A 1. Link, L. R. Riviere, M. Fleming and C. Elicone. 1990. Internal sequence 
analysis of proteins separated on polyacrylamide gels at the submicrogram level: 
improved methods, applications, and gene cloning strategies. Electrophoresis 11: 
537-553. 

Thaller. C. and G. Eichele. 1987. Identification and spatial distribution of retinoids in the 
developing chick limb bud. Nature 327: 625-628. 



Thaller, C. and G. Eichele. 1990. Isolation of 3, 4-didehY9roretinoic acid, a novel 
morphogenetic signal in the chick wing bud. Nature 345: 815-819. 

133 

Tic kle, c., B. M. Alberts, L. Wolperts and 1. Lee. 1982. Local application of retinoic acid 
to the limb bud mimics the action of the polarizing region. Nature 296: 564-565. 

Tissi eres, A, H. K. Mitchell and U. M. Tracy. 1974. Protein synthesis in salivary glands 
of D. melanogaster relative to chromosome puffs. J. .Mol. BioI. 84: 389-398. 

, T:-:rmo kopoulos, N. O. 1993. Tissue-specific expression of heat shock proteins 70 and 
90: potential implication for differential sensitivity of tissues to glucocorticoids. 
J/ol. C'ell. l"-·ndocr. 98: 49-54. 

\Va llace, \.-/. 1981. Vertebrate limb regeneration. Wiley, Chichester. pp. 202-225. 

\\anek. N., D. M. Gardiner, K. Muneoka and S. V. Bryant 1991. Conversion by retinoic 
acid of anterior cells into ZPA cells in the chick wing bud . Nature 350:81-83. 

"" elch, W. 1. and J. R. Feramisco. 1984. Nuclear and nucleolar localization of the 
72, OOO-dalton heat shock protein in heat shocked mammalian cells. J. Bioi. 
e 'hem. 259: 4501-4513 . 

Welch. W. 1. 1990. The mammalian stress response: cell physiology and biochemistry of 
stress proteins. pp. 223-278. R. 1. Morimoto, A Tissieres and C. Georgopoulos, 
eds ., Stress proteins in biology and medicine. Cold Spring Harbour Laboratory 
Press, Cold Spring Harbour, New York. 

\Vickner, S., 1. Hoskins and K. McKenney. 1991. Function orDnaJ and DnaK as 
chaperones in origin-specific DNA binding by RepA Nu/ure 350: 165-167. 

\'~)<;r. H L R. B. Peterson and S. Lindquist. 1990. Posttranscriptional regulation ofhsp 
synthesis in Drosophila. pp. 379-409. R. 1. Morimoto, A Tissieres and C. 
Georgopoulos, eds., Stress proteins in biology and medicine. Cold Spring Harbour 
Laboratory Press, Cold Spring Harbour, New York 



134 

Zimarino, V. , C. Tsai and C. Wu. 1990. Complex modes of heat shock factor activation. 
~ 

Mol. Cell. BioI. 10: 752-759. 

Zuber, U. and W. Schumann. 1994. CIRCE, a novel heat shock element involved in 
regulation of heat shock operon dnaK of Bacillus subtilis. J. Bacterial. 
176: 1359-1363. 

~. 



5X 3-amino benzoic acid, pH 7 
19 3-amino benzoic acid 
200ml ddH20 
pH 7 with 1M NaHC03 

Appendix A 

Dilute 20ml of 5X anesthetic solution into 80mI ddH20 

Antibody buffer 
2g gelatin 
200ml TTBS 
warm to 37°C to dissolve the gelatin 
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add 7f..l1 ofthe primary antibody to 7ml antibody buffer per membrane. Add 3.3f..l1 ofthe 
secondary antibody to 10ml antibody buffer per membrane. 

10% ammonium persulfate CAPS) 
O.lgAPS 
1ml ddH20 

Blocking solution 
3g gelatin 
100mlTBS 
warm to 37°C to dissolve the gelatin 

Carbonate buffer 
8.4gNaHC03 

0.203g MgCh.6H20 
900ml ddH20 
adjust pH 9.8 with ION NaOH 
adjust volum~to 1 liter with ddH20 

49: 1 chloroform:isoamyl alcohol mix 
49ml chloroform 
1ml isoamyl alcohol 

2D 30% acrylamide stock 
73 g acrylamide 
2gBis 
adjust to 250ml with ddH20 
filter sterilize and store at 4°C 
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2D color development 
(sol.A) 30mg p-nitro blue tetrazolium chloride (NBT) 

0.7ml N-N dimethyl formamide (DMF) 
O.3ml ddH20 

(soI.B) 15mg 5-bromo-4-chloro-3-indolyl phosphate-toluidine salt (BCIP) 
ImlDMF 
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add solutions A and B to 100mi of carbonate buffer. Incubate the membrane in the dark. 

2D gels 
37.5ml 2D 30% acrylamide stock 
22.5ml 2D separation buffer 
29.5ml ddH20 
degas for 5 minutes 
0.45ml 10% APS 
0.03ml N, N, N', N'-tetramethylethylenediamine (TEMED) 

add a layer of H20-saturated butanol (50:50). 

2D running buffer 
7.2g Tris base 
34.6g glycine 
2.4gSDS 
1 liter ddH20 
pH 8.5 
adjust volume to 2.4 liters with ddH20 

remove 400ml of this solution for the upper chamber buffer. Add 13.6g of sodium 
acetate trihydrate to the remaining 2 liters of solution for the lower chamber buffer. 

2D separation buffer-; 
45.5g Tris ba~e 
19 SDS , ... 

pH 8.8 with HCI 
adjust volume to 250ml with ddH20 

2D transfer buffer 
23.73g 3-cyclohexylaminol-2-hydroxy-I-propanesulfonic acid (CAPSO) 
800ml methanol 
pH 10 
adjust volume to 4 liters with ddH20 
store at 4°C 



Denaturing solution (solution D) 
12S g guanidine isothiocyanate 
146.5ml 0.4% DEPC ddH20 
8.8ml 0.7SM sodium citrate 
13.2ml 10% N-Lauroylsarcosine 

O.36ml 2-mercaptoethanoIlSOml of the above stock solution. 

SOX Denhardt's solution 
Sg Ficoll 
Sg polyvinylpyrrolidone 
Sg bovine serum albumen 
adjust volume to SOOml with ddH20 
filter and store at -20°C 

0.1 % diethyl pyrocarbonate (DEPC) ddHzO 
O.lml DEPC 
99.9ml ddH20 
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incubate pipette tips, eppendorftubes with 0.1 % DEPC ddH20 at 37°C for 1 hour, then 
autoclave. 

0.4% DEPC ddH20 
O.4ml DEPC 
99.6ml ddH20 
autoclave 

for solutions only. 

1 % DNA mini-gel 
O.5g agarose (or the low melt type) 
Iml SOXTAE 
48.Sml ddH20 
boil and cool 

IX TAE (DNA running buffer) 
12mlSOX TAE 
588ml ddH20 

0.5M ethylenediaminetetra-acetic acid (EDTA) 
14.61gEDTA 
adjust volume to 100mi with ddH20 

I Omg/ml ethidium bromide 
10mg ethidium bromide 
I ml DEPC ddH20 

to stain gels, use ethidium bromide at a concentration ofO.5J.lglmI 



O.lNHCI 
0.85ml concentrated HCI 
99.15ml ddH20 

0.85% H3P04 

20ml H3P04 

1980ml ddH20 

IEF acrylamide stock 
30g acrylamide 
1.8g Bis 
adjust volume to 100mi with ddH20 
filter sterilize and store at 4°C 

IEF electrophoresis low buffer 
300ml 0.85% H3P04 

2700ml ddH20 

IEF electrophoresis top buffer 
1.2ml ION NaOH 
600ml ddH20 

degas ddH20 before adding the NaOH solution 

IEF equilibration buffer 
10 ml glycerol 
O.13g dithiothreitol 
2gSDS 
10mg bromocresol green 
1.51g Tris ba~e 
pH 6.8 with 6NHCI 
adjust volume40 100mi with ddH20 

store at 4°C. Add 5ml to petri dishes to equilibrate the IEF gels, for 5 minutes. 

IEF gel 
7.6g urea 
0.35ml ampholyte BDH 4-8 
0.35ml ampholyte servalyt 5-7 
1.46ml IEF acrylamide stock 
3 .18ml ddH20 
2.82mllO% NP-40 
warm at 37°C to dissolve the urea 
degas for 15 minutes 
O.lmllO%APS 
O.OIml TEMED 
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10% N-Laurylsarcosine 
2.5g N-Laurylsarcosine 
adjust volume to 25ml with DEPC ddH20 

Luria-Bertani (LB) medium supplemented with ampicillin 
109 bacto-tryptone 
Sg bacto-yeast extract 
109 NaCI 
9S0ml ddH20 
adjust pH to 7 with SN NaOH 
adjust volume to 1 liter with ddH20 
autoclave and cool 
40llgiml ampicillin 

for agar medium add lSg ofbacto-agar after adjusting the pH 

lOX 3-N-morpholinopropane sulfonic acid (MOPS) 
2S.12g MOPS to 220ml DEPC ddH20 
adjust pH to 7 
4.08g sodium acetate hydrated 
O.88gEDTA 
adjust volume to 300ml with DEPC ddH20 
filter sterilize 

IM NaHCO, 
8.4gNaHC03 

adjust volume to 100m I with ddH20 

10NNaOH 
40gNaOH 
adj ust volume to 100ml with ddH20 

Northern destain 
2ml20X SSPE 
20mllO% SDS 
178ml DEPC ddH20 

destain for IS minutes. 

1 ~,'O Northern gel 
19 agarose 
80ml DEPC ddH20 
boil and cool 
10ml lOX MOPS 
10ml formaldehyde 
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Northern methylene blue stain 
0.02g methylene blue 
4.1g sodium acetate, pH 5.2 
adjust volume to 100ml with DEPC ddH20 

stain for 10 minutes. 

IX MOPS (Northern running buffer) 
60ml lOX MOPS 
540ml DEPC ddH20 

10% tergitol type Nonidet P-40 CNP-40) 
10gNP-40 
adjust volume to 100mi with ddH20 

3M acidic potassium acetate, pH 4.8 
29.4g KC2H30 2 in 40.6ml of ddH20 
11.5ml glacial acetic acid 
28.5ml ddH20 
autoclave 

Prehybridization mix 
7.5ml 20X SSPE 
15ml formamide 
1.5mllO% SDS 
3ml50X Denhardt's 
0.03ml lOmglml sheared salmon sperm DNA 
1.5ml ddH20 

prehybridization and hybridization are performed at 42°C 

2X RNA loading buffer 
5ml formamide- · 
1.5ml formaldehyde 
ImllOXMOPS 
pinch of bromophenol blue 
store at 4°C 

Alkaline sodium dodecyl sulfate (SDS) 
2mll0NNaOH 
10ml 10% SDS 
88ml ddH20 

10% SDS 
lOgSDS 
adjust volume to 100ml with ddH20 
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SDS-PAGE Coomassie blue stain 
O.lg Coomassie blue 
40ml methanol 
10mi acetic acid 
adjust volume to 100mi with ddHzO 

stain for 2-4 hours with shaking. 

SDS-PAGE destain solution 
40ml methanol 
10mi acetic acid 
SOml ddHzO 

destain for 4 hours with shaking. 

SDS-PAGE SX electrode buffer 
4.Sg Tris base 
21 .6g glycine 
l.Sg SDS 
adjust volume to 300ml with ddH20 
store at 4°C 

1 X SDS-PAGE running buffer 
60ml 5X electrode buffer 
240ml ddH20 

SDS-P AGE sample buffer 
4ml ddHzO 
Iml O.SM Tris-HCI, pH 6.8 
0.8ml glycerol 
1.6mllO% SDS 
0.4mI2-mercaptoethanol 
0.2ml 0.05% bromophenol blue 

dilute samples 1:4 with sample buffer and heat at 9SoC for 4 minutes. 

SDS-PAGE separating gel 
4.8Sml ddHzO 
2.5ml I.5M Tris-HCI, pH 8.8 
O.lmllO% SDS 
2.5 m130% acrylamide stock 
degas for IS minutes 
O.05mllO% APS 
O.OOSml TEMED 
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SDS-P AGE stacking gel 
6.1ml ddH20 
2.5ml O.5M Tris-HCl, pH 6.8 
O.lml1O% SDS 
1.3m130% acrylamide stock 
degas for 15 minutes 
0.05ml 10% APS 
O.OIml TEMED 

SDS-P AGE transfer buffer 
9.09g Tris base 
43.2g glycine 
600ml methanol 
pH 8.3 
adjust volume to 3 liters with ddH20 

2M sodium acetate, pH 4 
27.2g sodium acetate 
90ml DEPC ddH20 
pH to 4 with glacial acetic acid 
adjust volume with DEPC ddH20 
filter sterilize 

0.75M sodium citrate 
11.03g sodium citrate 
adjust volume to 50ml with DEPC ddH20 

Solubilizing buffer (SB) 
1O.8g urea 
8ml I 0% NP~40 
Iml ampholyte-servalyt 8-10 
0.2g dithiothreitol 
adjust to 20ml with ddH20 

store frozen at -70°C in Iml aliquots 

20X SSC 
175.3g NaCI 
88.2g sodium citrate 
800ml ddH20 
pH7 
adjust volume to 1 liter and autoclave 
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20X SSPE 
175.3g NaCl 
27.6g NaH2P04.H20 
7.4gEDTA 
800ml DEPC ddH20 
pH 7.4 
adjust volume to 1 liter and autoclave 

lX SSPE 
10ml 20X SSPE 
190ml DEPC ddH20 

0.5% sulfamerazine, pH 7 
2.5g sulfamerazine 
500ml ddH20 
pH7 

IX Tris buffered saline eTBS) 
4.84g Tris base 
58.48g NaCl 
I liter ddH20 
adjust pH to 7.5 with HCI 
adjust volume to 2 liters with ddH20 

IX Tris-EDTA (TE)' pH 7.5 
4ml 0.5M Tris-HCI, pH 7 
4ml 0.5M EDTA, pH 8.3 
195.6ml ddH20 

autoclave 

SOX Tris-acetate EDT A (T AE) 
242g Tris base 
57.1ml glacial acetic acid 
100mI 0.5M EDTA, pH 8.3 
adjust volume to 1 liter with ddH20 
autoclave 

0.5M Tris-HCl, pH 6.8 
6g Tris base 
60ml ddH20 
pH6.8 
adjust volume to 100ml with ddH20 
store at 4°C 
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1.5M Tris-HCI, pH8.8 
27.23g Tris base 
80mlddH20 
pH 8.8 
adjust volume to 150ml with ddH20 
store at 4°C 

IX Tween 20-Tris buffered saline (TTBS) 
2.42g Tris base 
26.24gNaCI 
adjust pH 7.5 with HCI 
adjust volume to 1 liter with ddH20 
O.5ml Tween-20 

Wash solution I, following hybridization 
30ml20X SSC 
15mll0% SDS 
255ml ddH20 

two times for 5 minutes at room temperature 

Wash solution II, following hybridization 
5ml20XSSC 
5mll0% SDS 
490ml ddH20 

once for 20 minutes at 65°C 
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