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Intracellular Localization of Heat Shock
mRNASs (hsc70 and hsp70) to Neural Cell
Bodies and Processes in the Control and
Hyperthermic Rabbit Brain

Jane A. Foster and Ian R. Brown
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Heat shock proteins are essential cellular proteins
that may play important roles in cellular repair
and/or protection. This report focuses on the expres-
sion of two members of the hsp70 multigene family,
namely, constitutive hsc70 mRNA and stress-induc-
ible hsp70 mRNA in the control and hyperthermic
rabbit brain. The intracellular localization of these
heat shock mRNAs was examined using high-resolu-
tion nonradioactive in situ hybridization. The distri-
bution of hsc70 mRNA and hsp70 mRNA was exam-
ined in (1) neuronal cell bodies and their dendritic
processes and (2) oligodendrocytes and their cellular
processes. In control animals, hsc70 mRNA was de-
tected in the apical dendritic processes and cell bodies
of cortical layer II and V neurons, CA3 and CA4
neurons, deep cerebellar neurons, and brainstem
neurons. A time course analysis of hsc70 mRNA, af-
ter a physiologically relevant increase in body tem-
perature of 2.6°C, revealed more distal transport of
this constitutive message into dendrites of these neu-
ronal populations. In the same neuronal populations,
basal levels of hsp70 mRNA were observed in the cell
body; however, this mRNA was not detected in den-
dritic processes in control or hyperthermic animals.
After hyperthermia, hsp70 mRNA was strongly in-
duced in oligodendrocytes and transported to the pro-
cesses of these glial cells. The localization of heat
shock messages in the processes of these neural cell
types could provide a mechanism for local control of
synthesis of heat shock proteins in cellular compart-
ments that are remote from the cell body.
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INTRODUCTION

Heat shock proteins are highly conserved proteins
found in all organisms that play roles in repair and pro-
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tection processes (Schlesinger et al., 1982; Lindquist,
1986; Nover and Scharf, 1991). In response to cellular
stress, heat shock proteins are induced while synthesis of
other cellular proteins is reduced (Ashburner and Bon-
ner, 1979; Lindquist, 1980). Heat shock proteins have
been classified into families based on their molecular
weights in kilodaltons (Lindquist and Craig, 1988). The
hsp70 multigene family is comprised of both constitu-
tively expressed members and stress-inducible members
(Lindquist and Craig, 1988; Welch, 1992). Constitutive
hsc70s are essential cellular proteins, which function as
molecular chaperones and are involved in protein fold-
ing, transport, and translocation (Gething and Sam-
brook, 1992; Georgopoulos and Welch, 1993; Welch,
1993; Becker and Craig, 1994; Hartl et al., 1994). Stud-
ies have suggested a repair and/or protective role for heat
shock proteins that are induced after cellular stress (Pel-
ham, 1986, 1988; Craig, 1989). Our laboratory has in-
vestigated the expression of heat shock protein genes in
the central nervous system of unstressed rabbits and
those following hyperthermia (reviewed by Brown,
1994). This report focuses on the intracellular distribu-
tion of constitutive hsc70 mRNA and stress-inducible
hsp70 mRNA in neural cells of the rabbit brain.
Previous work in our laboratory has examined ex-
pression patterns of heat shock mRNA species at the
cellular level. These studies demonstrated constitutive
hsc70 mRNA expression in neurons in the rabbit cere-
bellum, brainstem, spinal cord, and forebrain (Manzerra
and Brown, 1992a,b; Manzerra et al., 1993; Foster et
al., 1995; Foster and Brown, 1996). Recent work has
also revealed low basal expression of hsp70 mRNA in
unstressed rabbit forebrain neurons (Foster and Brown,
1996). In response to a physiologically relevant in-
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crease in body temperature, a strong glial induction of
hsp70 mRNA is observed (reviewed by Brown, 1994).
In the present investigation, our previous studies have
been extended to the intracellular level using nonradio-
active in situ hybridization to examine the distribution of
hsc70 mRNA and hsp70 mRNA in (1) neuronal cell bod-
ies and their dendritic processes and (2) oligodendrocytes
and their cellular processes.

There is a growing interest in the phenomenon of
intracellular localization of messages to the processes
of neural cells (Steward et al., 1994). Included in the
list of mRNAs reported to be localized to cellular pro-
cesses of neural cells are microtubule-associated pro-
tein-2 (MAP2) mRNA in dendrites (Garner et al., 1988)
and myelin basic protein mRNA in processes of oligo-
dendrocytes (Trapp et al., 1987; Landry et al., 1994). A
recent study in our laboratory, which employed nonra-
dioactive in situ hybridization, localized calmodulin I
mRNA to dendritic processes of cortical neurons during
postnatal development in the rat brain (Berry and Brown,
1996). Transport of mRNA into cellular processes allows
for the possibility of local control of protein synthesis
(Steward et al., 1994). This may provide a strategy for
rapidly increasing heat shock protein levels in intracel-
lular domains that are remote from the cell body in re-
sponse to synaptic activity in unstressed cells or in re-
sponse to cellular insults such as hyperthermia. The
present investigation uses nonradioactive in situ hybrid-
ization to investigate whether hsc70 mRNA and hsp70
mRNA are localized to neural cell processes in the con-
trol and hyperthermic rabbit brain.

MATERIALS AND METHODS
Treatment of Animals

The body temperature of adult male New Zealand
white rabbits (mean weight, 1.9 kg) was elevated 2.6°C
above normal (39.6°C) by the intravenous injection of
lysergic acid diethylamide (LSD) at 100 pg/kg as previ-
ously described (Cosgrove and Brown, 1983). We have
previously shown that the induction of hsp70 mRNA in
the rabbit brain is due to the hyperthermic effects of the
drug (Manzerra and Brown, 1990). The core body tem-
perature of the animals was monitored with a rectal ther-
mistor probe before injection, at 15-minute intervals for
90 minutes, and at 1-hour intervals for up to 5 hours after
LSD injection. Core body temperature reached maxi-
mum temperature at 1 hour and returned to normal body
temperature by 4 hours. Three sets of animals were killed
at 1,2,3,5, and 10 hours post-LSD injection. Animals
were anesthetized with pentobarbitol (80 mg/kg) injected
via the marginal ear vein. Brains were removed, frozen
in OCT embedding compound, and stored at —70°C until
use.
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Synthesis of Riboprobes

The subclone pH 2.3, a 2.3-kb HindIII-BamHI
fragment of the human hsp70 inducible gene in pGEMI,
was obtained from R. Morimoto (Northwestern Univer-
sity) (Wu et al., 1985). An 843-bp insert was digested
out with Clal and HindIII and subcloned into the vector
pBluescript KS for preparation of hsp70 riboprobes. Lin-
earization with Clal or HindIIl and subsequent in vitro
transcription incorporating *>S- or digoxigenin-labeled
uridine triphosphate (UTP) using T7 and T3 polymerases
produced antisense and sense hsp70 riboprobes, respec-
tively.

The subclone pHA 7.6, a 600-bp EcoRI fragment
from the human constitutive hsc70 related protein p70 in
pGEMI, was obtained from R. Morimoto (Watowich
and Morimoto, 1988). The 600-bp EcoRI fragment was
digested out and subcloned into the vector pBluescript
KS for preparation of hsc70 riboprobes. Production of
antisense and sense hsc70 riboprobes was achieved by
linearization with HindIlI or BamHI, followed by in
vitro transcription incorporating *>S- or digoxigenin-la-
beled UTP by T7 and T3 polymerases, respectively.

We have shown that the hsp70 riboprobe detects a
2.7-kb mRNA in the rabbit brain and does not cross-
hybridize to the constitutive 2.5-kb hsc70 mRNA, which
is detected specifically by the hsc70 riboprobe (Foster et
al., 1995). No signal was apparent in tissue sections
hybridized with sense hsp70 or hsc70 riboprobes (Foster
et al., 1995).

Pretreatment of Sections

A series of 12-wm frozen sections were thaw
mounted on gelatin-coated glass slides (1% gelatin,
0.5% chromium potassium sulfate) and air dried. Tissue
sections were fixed in 4% formalin (4% formaldehyde in
phosphate buffered saline) for 5 minutes, rinsed for 2
minutes in 2XSSC (0.3 M sodium chloride, 0.03 M so-
dium citrate, pH 7.0), incubated for 10 minutes in TEA/
NaCl/AA (0.1 M triethanolamine, 0.9% sodium chlo-
ride, 0.5% acetic anhydride) and rinsed in 2XSSC.
Slides were dehydrated in increasing ethanol concentra-
tions, incubated in chloroform for 5 minutes to delipidate
tissue, followed by 1 minute in absolute alcohol and 1
minute 95% alcohol, and air dried (Peterson and Mc-
Crone, 1994).

Nonradioactive In Situ Hybridization

Each tissue section was hybridized overnight with
100 pl of hybridization buffer containing 1 pl of digox-
igenin (DIG)-labeled riboprobe, 50% formamide, 10%
dextran sulfate, 0.02% Ficoll, 0.02% polyvinylpyrroli-
done, 0.02% bovine serum albumin (BSA), 0.5 mg/ml
heparin sulfate, 0.5 mg/ml yeast tRNA, 0.4 mg/ml her-
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ring testis DNA, 600 mM NaCl, 75 mM sodium citrate,
pH 7.0, at 55°C. After hybridization, slides were rinsed
in Tris/NaCl buffer (500 mM NaCl, 1 mM EDTA, 10 mM
Tris, pH 8.0), incubated for 30 minutes in RNase buffer
(500 mM NaCl, 1 mM EDTA, 10 mM Tris, pH 7.5)
containing 20 pg/ml RNase A, and washed for 1 hour at
37°C in RNase buffer followed by a 1-hour wash at 70°C
in 0.1XSSC.

After posthybridization washes, slides were rinsed
in 2XSSC and then incubated in blocking solution
(2XSSC, 6% fetal calf serum, 0.05% Triton X-100) for
1.5 hours at room temperature. After blocking, slides
were incubated with anti-dioxigenin-alkaline phosphatase
(1:1,000) in blocking solution for 24-36 hours at 4°C.
Sections were washed three times for 30 minutes in Buffer
A (100 mM Tris, pH 8.0, 100 mM NaCl), 5 minutes in AP
Buffer (100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM
MgCl,, 0.1% Tween 20), and 5 minutes in AP Buffer with
5 mM levamisole. Slides were incubated in NBT/BCIP
color reagent in AP Buffer with 5 mM levamisole (4.5
pl/ml NBT solution—100 mg/ml 4-nitro blue tetrazolium
chloride in 70% dimethylformamide; 3.5 pl/ml BCIP
solution—50 mg/ml 5-bromo-4-chloro-3-indolyl-phos-
phate in dimethylformamide) for 4—16 hours. Slides were
rinsed in Buffer A to halt the color reaction, rinsed in
water, dehydrated in increasing alcohol, cleared in xy-
lene, and mounted in 50% permount/50% xylene. Data
representative of 12 tissue sections are shown (4 sections
per animal, three animals per treatment).

RESULTS

Intracellular Distribution of hsc70 and hsp70
mRNAs in the Control Rabbit Brain

Nonradioactive in situ hybridization with a DIG-
labeled hsc70 and hsp70 riboprobes was used to examine
the intracellular distribution of heat shock mRNAs in
neuronal cell bodies and dendritic processes in the rabbit
brain. The ability to detect mRNA in cellular processes
by in situ hybridization in tissue sections is technically
limited. In tissue culture systems, the cell body and the
processes of individual neural cells can be visualized in
their entirety. By contrast, in 12-pm tissue sections that
were used in the present investigation, it is not possible
to trace the entire length of a process from an individual
cell body because it might extend out of the plane of
section. Lack of signal in neuronal and glial cell pro-
cesses might reflect that the process was out of the plane
of section or that signal was below detectable levels. For
all results presented, 12 tissue sections from each time
point were examined. In each tissue section, the intra-
cellular localization of mRNA was examined in all hsc70
and hsp70 mRNA-positive cells in a particular region of

the tissue section. Data presented are representative of all
tissue sections examined.

Expression of hsc70 mRNA was observed in neu-
ronal-enriched regions of the rabbit forebrain, including
the hippocampus and cortical layers (Fig. 1A), as previ-
ously described (Sprang and Brown, 1987; Foster and
Brown, 1996). High constitutive hsc70 mRNA expres-
sion was observed in neuronal-enriched regions of the
hippocampus (Figure 1D). This signal was apparent in
the cell bodies of CA1 (Fig. 1B) and CA3 (Fig. 10)
neurons. At higher magnification, hsc70 mRNA was
also observed in the apical dendrites of CA3 hippocam-
pal neurons (arrowheads, Fig. 1F) but was not detected
in these processes in CA1 neurons (Fig. 1E). As shown
in Figure 2, Hsc70 mRNA was also observed in the cell
bodies and the apical dendrites of cortical neurons in
layers II and V (arrowheads), whereas the signal in other
cortical neurons (layers I, II, IV, VI) was confined to the
cell bady. Thus, in both forebrain regions of control
animals, hsc70 mRNA was observed to be located in
neuronal cell bodies, and additionally, in the dendritic
processes of some populations of cortical and hippocam-
pal neurons.

The cerebellum and brainstem of the control rabbit
brain expressed high levels of constitutive hsc70 mRNA
(Fig. 3A). Hsc70 mRNA was detected in both the cell
bodies and processes of deep cerebellar neurons (Fig.
3B) and brainstem neurons (Fig. 3C), whereas in Pur-
kinje neurons and basket cell neurons (Fig. 3D), a cell
body distribution of signal was observed. At higher mag-
nification, hsc70 mRNA was apparent in dendritic pro-
cesses of deep cerebellar neurons (arrowheads, Fig. 3E)
and brainstem neurons (arrowheads, Fig. 3F). This den-
dritic localization of hsc70 mRNA was most pronounced
in brainstem neurons and was detected up to 25 pm from
the cell body (arrowheads, Fig. 3F).

Recently, we have reported basal expression of
hsp70 mRNA in cortical and hippocampal neurons of the
control rabbit forebrain (Foster and Brown, 1996). Hy-
bridization of adjacent tissue sections with hsc70 and
hsp70 DIG-labeled riboprobes revealed differences in the
intracellular distribution of hsc70 and hsp70 mRNAs in
control neurons (Fig. 4). The dendritic distribution of
hsc70 mRNA that was apparent in cortical neurons in
layer V (arrowheads, Fig. 4A) was not observed for
hsp70 mRNA in this cell type (Fig. 4B). Hsc70 and
hsp70 mRNA expression were detected in CA4 hippo-
campal neurons (Fig. 4C, D, respectively). At higher
magnification, hsc70 mRNA was observed in apical den-
dritic processes of CA4 neurons (arrowheads, Fig. 4E),
which is similar to observations shown in Figure IF for
CA3 hippocampal neurons. A comparable signal was not
apparent for hsp70 mRNA in CA4 hippocampal neurons
(Fig. 4F). Therefore, although both hsc70 and hsp70
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Fig. 1. Constitutive expression of hsc70 mRNA in hippocam-
pal neurons. Constitutive expression of hsc70 mRNA was ob-
served in neuronal-enriched regions of the rabbit forebrain in-
cluding cortical layers (CL) and hippocampus (H) (A). The
presence of hsc70 mRNA (black precipitate) was observed in
the cell bodies of CAl (B) and CA3 (C) neurons. D: hippo-

campus, indicating CA1, CA3, and CA4 neuronal populations.
Dendritic localization of hsc70 mRNA was observed in CA3
neurons (arrowheads, F) but not in CA1 neurons (E). Scale
bars = 3.5 mm in A; 37.6 pm in B and C; 800 wm in D; 10.6
pm in E and F.
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mRNAs were present in the cell bodies of cortical and
hippocampal neurons in control animals, dendritic local-
ization was observed only for hsc70 mRNA in these
neuronal populations.

Intracellular Distribution of Neural hsc70 and
hsp70 mRNAs after Hyperthermia

The intracellular distribution of hsc70 mRNA in
hippocampal neurons at time points after physiologically
relevant hyperthermia was next examined. Maximal el-
evation of 2.6°C over the normal temperature of 39.6°C
was attained at 1 hour, with a return to normal by 4
hours. Figure 5 shows the distribution of hsc70 mRNA in
CAA4 (panels A-D) and CA3 (panels E-H) neurons after
hyperthermia. More distal transport of hsc70 mRNA into
dendritic processes was noted in both CA4 and CA3
neuronal populations when 1 and 3 hours are compared
(Fig. 5A, C for CA4, E, G for CA3). At later time
points, dendritic transport of hsc70 mRNA appeared to
be reduced (Fig. 5D, CA4 neurons at 5 hours; Fig. SH,
CA3 neurons at 10 hours). As shown in Figure 6, in
cortical neurons, more distal dendritic transport of hsc70
mRNA into dendritic processes was also observed after
hyperthermia. Transport of hsc70 mRNA in dendritic
processes was increased at 1 and 2 hours in neurons in
both cortical layer II and cortical layer V.

Dendritic transport of hsc70 mRNA was observed in
deep cerebellar neurons (Fig. 7A) and brainstem neurons
(Fig. 7B) in 1-hour hyperthermic animals. Brainstem neu-
rons, which had the highest constitutive levels of hsc70
mRNA, showed more distal dendritic transport of hsc70
mRNA at 3 hours (Fig. 7C). As shown in Figure 7D,
mRNA was detectable in a long dendritic process. In this
brainstem neuron, hsc70 mRNA was transported 175 pm
from the cell body in brainstem neurons in the 3-hour
hyperthermic animal. At later time points, when body
temperature had returned to normal, transport of hsc70
mRNA appeared to be reduced (Fig. 7E, 5 hours; Fig. 7F,
10 hours).

We have previously described a strong induction of
hsp70 mRNA after physiologically relevant hyperther-
mia in glial cells rather than neurons of the forebrain
(Sprang and Brown, 1987; Foster and Brown, 1996).
Using combined in situ hybridization/immunocytochem-
istry, with glial specific markers, we have shown that
oligodendrocytes and microglia but not glial fibrillary
acidic protein—positive astrocytes induced hsp70 mRNA

Fig. 2. Intracellular distribution of hsc70 mRNA in control
cortical neurons. Hsc70 mRNA (black precipitate) was de-
tected in the cell body of cortical neurons of layers I-VI. In
addition, layers II and V also showed signal in apical dendrites
(arrowheads). Scale bar = 10.6 pm.
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Fig. 3. Hsc70 mRNA expression in cerebellar and brainstem
neurons. A: constitutive pattern of hsc70 mRNA expression in
control cerebellum and brainstem. Hsc70 mRNA was detected
in the cell bodies and processes of deep cerebellar neurons (B)
and brainstem neurons (C), whereas a cell body distribution of

(Foster and Brown, 1996). In Figure 8, the intracellular
distribution of hsp70 mRNA in the cell body and pro-
cesses of oligodendrocytes were examined. At 1 hour,
hsp70 mRNA was localized in cytoplasmic cap regions

Localization of Heat Shock mRNAs 657

signal was observed in Purkinje neurons (PN) and basket cell
neurons (BCN) (D). At higher magnification, hsc70 mRNA
was detected in dendritic processes (arrowheads) of deep cer-
ebellar neurons (E) and brainstem neurons (F). Scale bars =
600 pm in A; 37.6 pm in B and C; 10.6 pm in D-F.

(see arrowheads in Fig. 8A). In 2-hour hyperthermic
animals, the distribution of signal appeared more spin-
dle-like (arrowheads, Fig. 8B), and by 3 hours it was
detected more distally in processes (arrowheads, Fig.
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Fig. 5. (Legend appears on page 660.)
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Fig. 6. Intracellular distribution of hsc70 mRNA in cortical
neurons after hyperthermia. Hsc70 mRNA was detected in the
apical dendrites of cortical neurons in layers II and V. More

8C). By 5 hours, the signal was confined to the cell body
of the few oligodendrocytes that showed hsp70 mRNA
expression (Fig. 8D). In hippocampal and cortical neu-
rons, basal expression of hsp70 mRNA was localized to
the cell bodies (Fig. 4). After heat shock, dendritic trans-
port of hsp70 mRNA was not observed in these neuronal
populations, as seen in Figure 8E (CA3 neurons at 3
hours) and F (cortical layer V neuron at 3 hours).

Fig. 5. (See page 659.) Time course analysis of hsc70 mRNA
in hippocampal neurons after hyperthermia. More distal den-
dritic transport of hsc70 mRNA was observed in CA4 (A-D)
and CA3 (E-H) neurons after hyperthermia. This was most
apparent at 3 hours (CA4, C; CA3, G). At later time points,
dendritic transport of mRNA appeared to be reduced (D, CA4
at 5 hours; H, CA3 at 10 hours). Hyperthermic time points
were 1 hour in A and E; 2 hours in B and F; 3 hours in C and
G; 5 hours in D; 10 hours in H. Scale bar = 10.6 pwm.

distal dendritic transport of hsc70 mRNA was observed after
hyperthermia, particularly at 1 and 2 hours. Arrowheads indi-
cate mRNA signal in cellular processes. Scale bar = 10.6 pm.

DISCUSSION

The intracellular localization of hsc70 and hsp70
mRNAs in neural cells of the rabbit brain was examined
using nonradioactive in situ hybridization. Hybridization
of control tissue sections with a DIG-labeled hsc70 ribo-
probe revealed a cell body distribution of signal. Addi-
tionally, in several neuronal populations, constitutive
hsc70 mRNA was detected in apical dendritic processes.
These experiments demonstrated the advantage of anti-
body detection of the mRNA signal in tissue sections
hybridized with DIG-labeled riboprobes. Improved res-
olution was apparent, as it was possible to localize hsc70
mRNA in dendritic processes with a diameter of 1-2
pm. Comparable resolution of signal is not possible with
radioactive riboprobes (Foster et al., 1995).

In control tissue, constitutive hsc70 mRNA was
detected in the cell body and apical dendrites of cortical
neurons in layer II and V, CA3 and CA4 hippocampal
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Fig. 7. Dendritic transport of hsc70 mRNA in deep cerebellar
and brainstem neurons after hyperthermia. Hsc70 mRNA was
apparent in dendritic processes of deep cerebellar neurons (A)
and brainstem neurons (B) in 1-hour hyperthermic animals.
Brainstem neurons showed more distal dendritic transport of
hsc70 mRNA at 3 hours (C). D: hsc70 mRNA (black precip-

neurons, deep cerebellar neurons, and brainstem neu-
rons. After physiologically relevant hyperthermia, more
distal transport of this message was detected in these
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itate) was transported 175 pm from the cell body of this brain-
stem neuron at 3 hours. At later time points, distal transport of
hsc70 mRNA was reduced in brainstem neurons (E, 5 hours;
F, 10 hours). Arrowheads indicated mRNA signal in pro-
cesses. Scale bars = 10.6 pm in A-C, E, and F; 37.6 pm
in D.

same neuronal populations. In other neurons, such as
cortical layer I, III, IV, and VI neurons, CA1 hippocam-
pal neurons, Purkinje neurons, and basket neurons,
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Fig. 8. Intracellular distribution of hsp70 mRNA in oligoden-
drocytes and neurons after hyperthermia. After hyperthermia,
an induction of hsp70 mRNA was observed in oligodendro-
cytes of the corpus callosum. At 1 hour (A), hsp70 mRNA was
localized to cytoplasmic cap regions of oligodendrocytes. At 2
hours (B), a more spindle-like distribution of signal was ap-
parent, and by 3 hours, hsp70 mRNA was more distally trans-
ported in cellular processes (arrowheads, C). By 5 hours (D),

.

signal was confined to the cell body of the few cells that
expressed hsp70 mRNA. Expression of hsp70 mRNA in CA4
hippocampal neurons (E) and cortical neurons (N) (F) was
confined to the cell body in 3-hour hyperthermic animals. Hy-
perthermic time points were 1 hour in A; 2 hours in B; 3 hours
inC, E, and F; 5 hours in D. Scale bars = 8.2 um in A-C, D,
and F; 10.6 pm in E.



hsc70 mRNA was restricted to the neuronal cell body in
both control and hyperthermic animals. Similarly, hsp70
mRNA in control and hyperthermic animals was also
restricted to neuronal cell bodies.

Recently, there has been increased interest in in-
tracellular localization of mRNA in neural cells (Steward
et al., 1994). Early work detected polysomes at the base
of dendritic spines (Steward and Levy, 1982). More re-
cent experiments have demonstrated the presence of
translational machinery at the base of dendritic spines
(Torre and Steward, 1992). Pulse chase experiments with
*H-uridine in hippocampal neurons revealed dendritic
transport of mRNA at a rate of 0.4—0.5 mm/day (Davis
etal., 1987). In situ hybridization in developing rat brain
showed dendritic localization of MAP2 mRNA in the
hippocampus and cortical layers, whereas a second MAP
family member, MAP5 mRNA, was found only in the
cell body of developing neurons (Garner et al., 1988;
Tucker et al., 1989). These observations parallel the
present results on the hsp70 multigene family. In cortical
layer V neurons, dendritic localization of one family
member, hsc70 mRNA, was observed, whereas a second
family member, hsp70 mRNA, was detected only in the
cell body.

The list of mRNAs that are localized to dendrites
includes the a subunit of calcium/calmodulin-dependent
protein kinase II mRNA (Burgin et al., 1990), calmod-
ulin I mRNA (Berry and Brown, 1996), activity-regu-
lated cytoskeleton-associated protein (Arc) mRNA (a
novel cytoskeleton-associated protein enriched in den-
drites) (Lyford et al., 1995), and a nontranslated RNA,
BCI (Tiedge et al., 1991). Although proteins, including
GAP-43, neurofilament-68, and B-tubulin, are enriched
in dendrites, mRNAs encoding these proteins are re-
stricted to neuronal cell bodies (Kleiman et al., 1990).
Thus, only a subset of neuronal mRNAs is a candidate
for dendritic transport.

Localization of certain mRNAs to discrete intracel-
lular domains below dendritic spines may facilitate local
regulation of protein synthesis at the synapse (Steward et
al., 1994). For example, Arc mRNA is distributed in
dendrites, and its encoded protein has been shown to be
up-regulated in an activity-dependent manner in response
to synaptic activity (Lyford et al., 1995). In the case of
abundant proteins, including hsc70, mRNA localization
in dendrites is a cellular strategy that could regulate
changes in protein levels in the microenvironment of the
synapse. In response to synaptic activity, hsc70 protein
levels could be increased at highly localized dendritic
sites. Hsc70 mRNA located in dendrites may also pro-
vide the cell with a mechanism to increase hsc70 protein
levels at synaptic sites that are distant from the cell body,
in response to cellular stress, where hsc70 protein may
function in repair and protection.
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In addition, more distal transport of hsc70 mRNA
was observed in neurons after hyperthermia. In the
present experiments, it is not possible to distinguish
whether this observation is the result of increased trans-
port of mRNA or increased stability of the existing
mRNA. It is possible that both increased transport and
increased stabilization of mRNA may play a role in the
neuronal response to hyperthermia. The reported rate of
mRNA dendritic transport in hippocampal neurons in
culture was 0.4—0.5 mm/day or 17-21 pm/hr (Davis et
al., 1987). However, the rate of dendritic transport may
increase after hyperthermia, and the transport rate of
mRNA in brainstem neurons may be different than the
reported rate for hippocampal neurons in culture.

A strong induction of hsp70 mRNA has been re-
ported in oligodendrocytes in forebrain, cerebellum, and
brainstemn regions (Foster et al., 1995; Foster and
Brown, in press). The intracellular localization of hsp70
mRNA in this glial cell type was examined by nonradio-
active in situ hybridization. This analysis revealed hsp70
mRNA in cytoplasmic cap regions of oligodendrocytes at
1 hour, a spindle-like distribution of hsp70 mRNA at 2
hours, and a more distal transport into glial cell pro-
cesses, up to 40 wm from the cell body, at 3 hours. As
discussed previously, transport of mRNA in neural pro-
cesses at a rate of 0.4—0.5 mm/day was reported in cul-
tured hippocampal neurons (Davis et al., 1987). The
transport of newly synthesized hsp70 mRNA in oligo-
dendrocyte processes after hyperthermia is in line with
that reported rate.

The mechanisms involved in targeting and trans-
port of mRNAs to dendrites are not understood. In non-
neural tissues, the 3' noncoding region has been shown
to contain elements that are involved in targeting of
mRNAs to intracellular locations, such as bicoid (BCD)
mRNA during Drosophila embryogenesis (Macdonald
and Struhl, 1988), Vgl mRNA during Xenopus embryo-
genesis (Mowry and Melton, 1992), and «- and 3-actin
mRNAEs in fibroblasts (Kislauskis et al., 1993). To date,
evidence is not available to support the presence of com-
parable elements in neuronal mRNAs that might play a
role in dendritic transport.

Localization of mRNA to cellular processes is not
unique to neurons and their dendrites. In oligodendro-
cytes, in situ hybridization experiments have revealed
that myelin basic protein (MBP) mRNA is localized in
oligodendrocyte processes (Trapp et al., 1987). A devel-
opmental study of MBP mRNA expression revealed that
localization of this mRNA species in oligodendrocyte
processes was dependent on the stage of development in
mouse brain and was restricted to the cell body before
postnatal day 10 (Landry et al., 1994). Those researchers
also noted differences in intracellular distribution of sev-
eral neuronal and non-neuronal mRNAs, suggesting that
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mRNA targeting into neural processes did not rely
strictly on elements in the 3’ untranslated region but that
factors including developmental stage and brain region
affected mRNA transport (Landry et al., 1994). The
present experiments support that idea; for example, basal
expression of hsp70 mRNA was detected only in the
neuronal cell body whereas hsp70 mRNA induced in
oligodendrocytes showed distal transport into processes.
Also, in cortical neurons, hsc70 mRNA was apparent in
the apical dendrites of layer II and layer V neurons, and
yet, in other cortical neurons (layers I, III, IV, and VI),
hsc70 mRNA was detected only in the cell body. Similar
results were obtained in hippocampal neurons and cere-
bellar neurons, which suggested that several factors con-
tribute to the differential mRNA localization of these
heat shock mRNAs.

Transport of mRNAs into cellular processes may
rely on cytoskeletal associations (Singer, 1992). Using
dual in sitw/immunocytochemistry in fibroblast cells,
studies have demonstrated that poly(A) mRNA was co-
localized with cytoskeletal components such as actin,
vimentin, and microtubules (Bassell et al., 1994a). Also,
in cultured rat cortical neurons, poly(A) mRNA localized
in dendrites was bound to cytoskeletal components (Bas-
sell et al., 1994b), and specifically, MAP2 mRNA was
associated with the Triton X insoluble fraction of neu-
rons, indicating its association with cytoskeletal compo-
nents of the cell (Bruckenstein et al., 1990). Further
work is needed to elucidate the mechanisms involved in
mRNA localization and transport in neural cell types.
Heat shock mRNAs are good candidates for such inves-
tigations, because the present research suggests that the
two mRNAs are differentially regulated with respect to
dendritic transport in neurons, and furthermore, hsc70
mRNA was selectively transported in some neuronal
populations and not in others.

Overall, the experiments discussed above show
that although both heat shock messages are expressed in
unstressed neurons, the intracellular localization of
hsc70 and hsp70 mRNA differ. Dendritic localization of
hsc70 mRNA was detected in certain unstressed neuronal
populations. After hyperthermia, more distal transport of
hsc70 mRNA was observed in all neurons, which
showed dendritic localization of signal in the unstressed
animal. The observed transport of hsc70 mRNA into the
dendritic processes may allow for local control of hsc70
protein synthesis at synapses. Local regulation of hsc70
protein synthesis could occur at the base of dendritic
spines in response to changes in synaptic activity in the
unstressed neuron. After a cellular stress, hsc70 protein
levels could be rapidly increased in neuronal processes,
due to the presence of hsc70 mRNA. Increased hsc70
protein in regions that are remote from the cell body may
be important for repair and protection. In oligodendro-

cytes, hsp70 mRNA was transported into processes after
hyperthermia, and that could allow local control of syn-
thesis of this heat shock protein in glial processes.
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