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Diabetes-induced alterations in calcium homeostasis in sensory
neurones of streptozotocin-diabetic rats are restricted to lumbar
ganglia and are prevented by neurotrophin-3
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Abstract

Aims/hypothesis. In diabetic sensory polyneuropathy
the earliest and most severe pathophysiology occurs
in neurones with the longest axons. The aim of this
study was to characterise a diabetes-induced neuro-
degenerative marker that was selective for sensory
neurones with the longest axons. We studied altera-
tions in calcium homeostasis since this occurs in other
neurodegenerative diseases.

Methods. Sensory neurones were cultured from con-
trol and streptozotocin-diabetic rats, treated with or
without human recombinant neurotrophin-3 (hrNT-
3), and neurones from L4-L6 dorsal root ganglia
(DRG) which exhibit the longest axons in vivo were
compared with those from C5-L3 DRG. Fluorescent
video-imaging was used to measure cytoplasmic cal-
cium dynamics.

Results. Streptozotocin diabetes of 8 to 14 weeks, in-
duced an increase in resting internal Ca** concentra-
tion ([Ca®"],), from 67 +7 nmol/l in small neurones
and 79 + 9 nmol/l in big neurones obtained from con-
trol animals to 214 + 19 nmol/l in small neurones and
273 + 30 nmol/l in big neurones after 14 weeks of dia-

betes (p <0.05) in L4-LL6 DRG cultures. Neurones
from C5-L3 ganglia and non-neuronal cells were not
affected. Treatment of 14-week streptozotocin-dia-
betic rats with subcutaneous injection of 5 mg/kg
NT-3 normalised the increase in resting [Ca®*],. The
amplitudes induced by depolarisation, caffeine and
ATP [Ca®!]; responses were reduced in small
(<30um diameter) but not big ( > 35um diameter)
neurones of L4-L6 DRG from streptozotocin-diabet-
ic animals; the C5-L3 DRG were not similarly affect-
ed and the changes in the L4-L.6 DRG were corrected
by NT-3 treatment.

Conclusions/interpretation. Altered calcium homeo-
stasis could be an early molecular marker linked to
the onset of diabetic sensory neuropathy. This neuro-
degenerative index can be corrected by N'T-3 therapy
and should encourage further work aimed at under-
standing the mechanistic basis of these observations.
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A variety of hyperglycaemia-induced secondary met-
abolic defects have been identified as possible causal
factors in the aetiology of the symmetrical sensory
polyneuropathy observed in diabetes mellitus. These
include polyol pathway flux [1], protein glycosyla-
tion [2], oxidative stress [3] and impaired neu-
rotrophic support [4]. Alteration of cytoplasmic cal-
cium homeostasis and calcium signalling might also
be responsible for neurodegenerative diabetic com-
plications [3, 6]. Studies have shown altered Ca?* sig-
nalling in response to cell depolarisation in sensory
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[7-10] and dorsal horn [6, 11] neurones. These ex-
periments, however, used a single fluorescence de-
tector, which did not allow signals from neurones
and non-neuronal (satellite) cells to be distin-
guished. Such a technical limitation could consider-
ably affect the accuracy in determining the parame-
ters of Ca?* homeostasis. Moreover, only depolarisa-
tion-induced Ca?* signals have been investigated up
to now, and the parameters of Ca®* responses acti-
vated by neurotransmitters can differ from the pro-
cesses regulating homeostatic control of internal
Ca’* stores.

Additionally, the studies cited above did not dis-
tinguish between sensory neurones from different
levels of the spinal cord. This is an important over-
sight when one considers that the longest sensory ax-
ons, i.e. those at the lumbar level, seem to be most
susceptible to diabetes-induced neurodegeneration
[12]. Therefore, the identification of neurodegenera-
tive processes specific to lumbar sensory ganglia
might provide insight into the aetiology of diabetic
sensory polyneuropathy.

We have used real-time fluorescent video-imaging
to probe for intracellular calcium ([Ca*'];) homeo-
stasis in sensory neurones of cervical and lumbar dor-
sal root ganglia (DRG). We have found that in senso-
ry neurones acutely isolated from streptozotocin
(STZ)-diabetic rats there are selective alterations in
[Ca®*], homeostasis in lumbar DRG versus ganglia
from higher levels. Moreover, treatment with neuro-
trophin-3 (NT-3) reversed some of the observed alter-
ations.

Subjects and methods

Induction of diabetes and NT-3 treatment. Male Wistar rats
(300 g) were made diabetic by a single intraperitoneal injection
of STZ (55 mg/kg; Sigma, Dorset, UK). Age-matched and
weight-matched control groups were also set up. Tail blood
glucose was assayed 3 days after injection using glucose test
strips (BM-Accutest, Roche Diagnostics, Basel, Switzerland,
UK) to confirm diabetes. All diabetic animals had blood glu-
cose values higher than 30 mmol/l. Rats were maintained for
8 to 14 weeks with free access to water and chow. One group
of diabetic rats received subcutaneous injections of 5 mg/kg
human recombinant NT-3 (a gift from Regeneron Pharmaceu-
ticals, Tarry Town, N. Y., USA) three times weekly for the final
10 weeks of the 14-week diabetes study. Body weights for age-
matched control rats ranged from 530 to 710 g, while all groups
of diabetic rats and weight-matched rats were 290445 g at the
end of the study. In all diabetic animals motor nerve conduc-
tance velocity (MNCV) and sensory nerve conductance veloc-
ity (SNCV; as measured by H-reflex) were reduced. The effica-
cy of NT-3 treatment was confirmed by reversal of the SNCV
deficit [13, 14] (data not shown). Morphometric analysis of
the 14-week diabetic group showed no effect of diabetes on
axon calibre or structure (for the largest axons of sural nerve).
Rats were killed under pentobarbitol-induced anaesthesia
and L4-L6 and C5-L3 DRG removed and used to prepare sep-
arate cultures.
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Sensory neurone cultures. Animals were killed humanely ac-
cording to the principles of laboratory animal care and United
Kingdom legislation. DRG were immediately dissociated us-
ing a previously described method [15]. The cells were plated
onto poly-L-ornithine-laminin-coated 1.1 cm glass coverslips
in serum-free F12 medium (Life Technologies, Paisley, UK)
at 37°Cin a 95 % air and 5 % CO, humidified incubator. Cells
were cultured for 3 to 4 hours and then assessed.

Fluorescence imaging of [Ca?*].. Isolated DRG cells were load-
ed with Ca?* fluorescent probe, 5 umol/l fura-2/AM, at room
temperature in standard physiological saline (in mmol/l):
NaCl - 140, KCl - 3, CaCl, - 2, MgCl, - 2, glucose — 10,
HEPES/NaOH - 20, pH 7.4. After loading, the cells were wa-
shed in normal saline for an additional 30 min to ensure the
de-esterification of fura-2/AM. Glass coverslips with stained
cells were transferred into the 500 ul perfusion chamber
mounted on the stage of an upright microscope (Olympus
BX50WI, Tokyo, Japan) equipped with 20x water immersion
objectives. The chamber was continuously superfused (at a
rate of 5 ml/min) with normal physiological solution at room
temperature. The bath application of experimental solutions
was done by switching the normal saline to specified solutions
from one of eight reservoirs via a solenoid switching mecha-
nism. High KCI solution contained (in mmol/l): NaCl — 53,
KCI - 90, CaCl, -2, MgCl, - 2, glucose — 10 and HEPES/
NaOH - 20, pH 7.4.

For fluorescence measurements the cells were alternately
exposed to excitation light provided by a monochromator
(Polychrom IV, TILL Photonics, Grifelfing, Germany) at 340
and 380 nm. Emitted fluorescence light was collected at
530 + 15 nm by a frame transfer cooled intensified charge cou-
pled device (CCD) camera (Gene IV, Roper Scientific, Mar-
low, UK). The imaging data were acquired and analysed using
MetaFluor/MetaMorph software (Universal Imaging, Down-
ingtown, USA). The fura-2 signal was calibrated using an iono-
mycin-based in situ procedure [16]; the parameters R ;,, R«
and K* were 0.2, 1.0 and 451 nmol/l respectively. All reagents
were purchased from Sigma (Dorset, UK), and fura-2/AM
was obtained from Molecular Probes (Eugene, Ore., USA).

Data analysis. Where appropriate, data were subjected to one-
way ANOVA using the Statistical Package for Social Scientists
(SPSS/PC +; SPSS, Chicago, Ill., USA). Where the F ratio
gave p < 0.05, comparisons between individual group means
were made by Scheffe’s multiple range test at significance of
p =0.05. Single comparisons between 14-week diabetic and
NT-3 treated 14-week diabetic groups were made using a stu-
dent’s ¢ test at significance p = 0.01.

Results

Separation of [Ca®*]; responses between neuronal and
non-neuronal cells. Acutely isolated preparations of
DRG contain several cell types and require specific
attention in segregating the responses arising from
different cellular elements. Apart from Schwann
cells, which could be identified by their specific mor-
phology, and which are not the subject of this study,
the cellular preparation of DRG had two major cell
types. These were neurones and peri-neuronal satel-
lite (or fibroblast-like) cells, most likely representing
another subset of glia [17, 18]. These cells appeared
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Fig.1 (A-C). Separation of [Ca?*]; dynamics in sensory neu-
rones and attached satellite cells. A Immunocytochemical
staining of a neurone with neurone-specific anti-PGP9.5 anti-
body and co-staining with DAPI (nuclear staining) showing a
cluster of non-neurones associated with the neurone. B Digital
images of a DRG neurone with two attached satellite cells tak-
en when illuminating the cells at 340 and 380 nm, as well as a
ratio image, from which the actual Ca?* concentration was cal-
culated. The regions of interest used for acquisition of [Ca*];
kinetics are indicated on the 340 nm image; s — denotes the sat-
ellite cell, n — neuronal somata. C [Ca”*]; dynamics recorded
from cells shown in (A) in response to depolarisation (30 s ap-
plication of 90 mmol/l KCl solution), activation of intracellular
Ca* release (30 s application of 20 mmol/l caffeine) and acti-
vation of purinoreceptors (30 s application of 100 umol/l
ATP). Note clear separation of neuronal vs satellite cell re-
sponses
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either in free form, or were firmly attached to neu-
rones (Fig. 1A, B). In the latter, the separation of neu-
rone-derived signals from those originating in satel-
lite cells was of vital importance.

A typical image of a DRG neurone with attached
satellite cells which were specifically immunostained
using the neuronal marker protein gene product
(PGP) 9.5 and counterstained with DAPI to indicate
associated nuclei is shown (Fig.1A). When loaded
with Fura-2/AM the satellite cells demonstrated
higher fluorescent staining at both 340 nm and 380
nm excitation wavelength (Fig. 1B), reflecting proba-
bly a larger amount of the dye accumulated by these
cells. As the amount of trapped dye depends on cell
volume [19], the smaller cells tend to accumulate
higher amounts of the probe. This property allowed
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Fig.2. Resting [Ca®*]; in small and big sensory neurones isolat-
ed from lumbar (L4 — L6) and cervical/lumbar (CS - L3) gan-
glia in different experimental groups. *p < 0.05 for weight-mat-
ched control vs 8 weeks and 14-week diabetic; **aged-matched
vs 8-week and 14-week diabetic (both by one-way ANOVA);
##%p < 0.01 vs 14-week diabetic (student’s ¢ test). The n value
varied between 70 and 105

us to localise the satellite cells on live images and
place region of interest for kinetic [Ca?*]; analysis ac-
cordingly. Satellite cells and neurones had distinct
[Ca®*], dynamics in response to different stimuli
(Fig.1C). Cell depolarisation (by bath application of
90 mmol/l KCl) or activation of Ca* release from in-
tracellular stores (by 20 mmol/l caffeine) triggered
large [Ca®*]; increases in the majority of neurones
but barely affected satellite cells. In contrast, extra-
cellular application of 100 umol/l ATP readily in-
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duced [Ca?']; increase in satellite cells. Thus, using
this imaging system we were able to segregate physio-
logical responses from closely associated satellite
cells and neurones.

Ca** homeostasis in neurones from L4-L6 ganglia and
NT-3 reverses these changes. To characterise the sta-
tus of the Ca?* homeostatic machinery in sensory
neurones acutely isolated from STZ-diabetic rats we
probed several systems known to activate distinct
Ca?* signalling pathways. For this purpose we analy-
sed parameters of [Ca®*]; responses triggered by (i)
cell depolarisation; (i) activation of Ca?* release
from the endoplasmic reticulum (ER) calcium stores
by caffeine and (iii) activation of purinoreceptors by
ATP. Each stimulation protocol was used separately
for the cell groups delineated below. For each stimu-
lation protocol the following parameters were mea-
sured: (i) percentage of cells responding to a given
stimuli; (ii) the amplitude of Ca®* increase and (iii)
for depolarisation-induced Ca?* responses we also
measured the recovery time of the [Ca®']; transient;
the latter was expressed as the time required for re-
covery of [Ca®"], to 75 % of the peak of the Ca* tran-
sient (7;5). In addition we also investigated whether
STZ-induced diabetes affects resting level of [Ca*];
in sensory neurones.

All these parameters were measured in neurones
isolated from five groups of animals: (i) weight-mat-
ched control animals; (ii) age-matched control ani-
mals; (iii) 8-week STZ-diabetic animals; (iv) 14-week
STZ-diabetic animals and (v) 14-week STZ-diabetic
animals treated subcutaneously with 5 mg/kg human
recombinant N'T-3 for the final 10 weeks. All diabe-
tes-induced changes in Ca?* homeostasis were restrict-
ed to neurones only, as we failed to identify any [Ca®*];
changes in satellite cells from any of the experimental
groups. As the expression of various components of
Ca”* homeostatic machinery differs between proprio-
ceptive and nociceptive neurones [20] we further di-
vided all neurones into two groups: big (mostly propri-
oceptive or mechanoreceptive) neurones with cell di-
ameter > 35 um and small (mostly nociceptive) neu-
rones with cell diameter < 30 pm.

Resting [Ca’*]. We found that diabetes produced a
pronounced increase in resting [Ca®*];, which became
larger with an increased duration of diabetes. This in-
crease in resting [Ca*]; was observed in both big and
small neurones isolated from L4-L6 DRG. The rest-
ing [Ca?*]; in cells obtained from C5-L3 DRG was
not affected (Fig.2). The diabetes-induced changes
in resting [Ca®*]; in L4-L6 DRG neurones were com-
pletely reversed by treatment with N'T-3.

Depolarisation induced [Ca®*]; responses. To charac-
terise the [Ca?*]; increase evoked by the depolarisa-
tion of the neuronal membrane, we stimulated the
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Fig.3 (A-C). Effects of diabetes and NT-3 treatment on depo-
larisation-induced [Ca?*]; transients in neurones isolated from
lumbar (L4 — L6) and cervical-lumbar (C5 — L3) DRGs. A Ex-
amples of [Ca®*]; transients in response to 10 s application of
90 mmol/l KCI (time of application are indicated by arrows)
in neurones isolated from lumbar DRGs of control, 14-week
diabetic and NT-3 treated animals. B Average values of ampli-
tude of depolarisation-induced [Ca?*]; transients (A[Ca®'];) in
small and big neurones isolated from lumbar (L4 — L6) and cer-
vical-lumbar (C5 — L3) DRGs obtained from different experi-
mental groups as indicated on the graph. *p < 0.05 vs weight-
and age-matched control animals (one-way ANOVA);
*¥p < 0.01 vs 14-week diabetic (student’s ¢ test). The n value
varied between 78 and 140. C Average values of time of 75 %
of the recovery of depolarisation-induced [Ca?*]; transients
(t75) in small and big neurones isolated from lumbar (L4 — L6)
and cervical-lumbar (C5 — L3) DRGs obtained from different
experimental groups as indicated on the graph. *p < 0.01 vs
weight- and age-matched control animals (one-way ANOVA).
(student’s ¢ test). The n value varied between 78 and 140
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cells with a 30 s application of extracellular solution
containing 90 mmol/l of KCI. Such an increase in ex-
tracellular potassium (from 3 mmol/l to 90 mmol/l)
effectively clamped the membrane potential at about
—15mV for the duration of KCI exposure. This in
turn activated voltage-gated Ca* channels thus pro-
ducing massive Ca?" influx into the cytosol. We found
that STZ-diabetes primarily affected depolarisation-
induced [Ca?*]; responses in small DRG neurones
(Fig.3A, B). Moreover, similar to the changes in rest-
ing [Ca®*],, the amplitude of depolarisation-induced
Ca?* transients decreased specifically in cells isolated
from L4-L6 DRG (Fig.3B), but not in cells from C5-
L3 DRG. This decrease was fully reversed by NT-3
treatment. In addition, we found a profound retarda-
tion of the recovery of depolarisation-induced
[Ca®*]; transients in both big and small neurones iso-
lated from diabetic rats (Fig.3C). The slow down of
[Ca®*], recovery was apparent in all cell groups, being
the most prominent in small neurones isolated from
L4-L6 DRG after 8 weeks of diabetes.

Caffeine-induced [Ca®*]; responses. The ER calcium
store is an important source for Ca?* signals in nerve
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Fig.4 (A, B). Effects of diabetes and NT-3 treatment on caf-
feine-induced [Ca®*]; transients in neurones isolated from lum-
bar (L4 — L6) and cervical-lumbar (C5 — L3) DRGs. A Exam-
ples of [Ca*]; transients in response to 30 s application of
20 mmol/l caffeine (beginning of applications are indicated by
arrows) in neurones isolated from lumbar DRGs in control,
14 weeks diabetic and N'T-3 treated animals. B Average values
for amplitude of caffeine-induced [Ca?*]; transients ([Ca®*];) in
small and big neurones isolated from lumbar (L4 — L6) and cer-
vical-lumbar (C5 — L3) DRGs obtained from different experi-
mental groups as indicated on the graph. *p < 0.05 vs weight-
and age-matched control animals (one-way ANOVA);
*#p < 0.01 vs 14-week diabetic (student’s ¢ test)

cells [21, 22]. To initiate Ca** release from the endo-
plasmic reticulum we treated DRG neurones with
20 mmol/I caffeine (30 s application, Fig.4). The lat-
ter is known to activate Ca**-gated Ca** release chan-
nels (ryanodine receptors) resident in the endoplas-
mic reticulum membrane [16, 23]. In L4-L6 DRG
neurones, the percentage of cells responding to caf-
feine (when the amplitude of the [Ca®*]; increase was
triggered by drug application exceeded 50 nmol/1) de-
creased from 80 % in the control groups to 50 % after
14 weeks of diabetes and N'T-3 treatment was effec-
tive in normalising the cell number responding to caf-
feine (data not shown). In the C5-L3 DRG there was
little evidence of any change in the number of cells
responding to caffeine. The amplitude of the caf-
feine-induced [Ca*]; increase was most decreased in
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Fig.5 (A, B). Effects of diabetes and NT-3 treatment on ATP-
induced [Ca®*]; transients in neurones isolated from lumbar
(L4 - L6) and cervical-lumbar (C5 — L3) DRGs. A Examples
of [Ca®*]; transients in response to 30 s application of
100 umol/l ATP (beginning of applications are indicated by ar-
rows) in neurones isolated from lumbar DRGs in control,
14 weeks diabetic and N'T-3 treated animals. B Average values
of amplitude of ATP-induced [Ca?']; transients (A[Ca®'],) in
big and small neurones isolated from lumbar (L4 — L6) and cer-
vical-lumbar (C5 — L3) DRGs obtained from different experi-
mental groups as indicated on the graph. *p < 0.05 vs weight-
and age-matched control animals (one-way ANOVA);
*¥p < 0.01 vs 14-week diabetic (student’s ¢ test)
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the small neurones isolated from L4-L6 DRGs
(Fig.4) and NT-3 treatment fully reversed this de-
crease. A similar tendency (although not reaching
statistical significance) towards a decrease in the am-
plitude of caffeine-evoked [Ca?']; responses was ob-
served in large neurones from L4-L6 ganglia. To the
contrary, the amplitudes of caffeine-induced [Ca®*];
increase measured from C5-L3 DRG cells were not
affected by experimental diabetes. NT-3 had no ef-
fect on the cell number responding to caffeine or the
amplitude of the [Ca®*]; transient in the C5-L.3 DRG
neurones.

ATP-induced [Ca’*]; responses. DRG neurones ex-
press several types of purinoreceptors of both iono-
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tropic (P,x) and metabotropic (P,y) families [24-26].
All these receptors are stimulated by extracellular
administration of ATP, and their activation results in
complex [Ca*'], responses driven by Ca®** entry
through P,y receptors and plasmalemmal Ca?* chan-
nels [27] and inositol-trisphosphate (InsP;)-mediated
Ca?* release from the ER Ca®* stores [28]. Not every
DRG neurone expresses functional purinoreceptors
and under control conditions only 49 % of big neu-
rones and 57 % of small neurones from L4-L6 and
52% of big neurones and 61% of small neurones
from C5-L3 ganglia preparations responded to the
extracellular administration of 100 umol/l ATP (the
application of the agonist lasted 30 s) with an increase
in [Ca?*],. The cells were considered responding when
the amplitude of [Ca']; increase evoked by ATP ex-
ceeded 30 nmol/l. In diabetic animals we found a sub-
stantial decrease in the number of cells sensitive to
ATP: only about 1/3 of all the neurones (L4-L6: big
neurones 27 %, small neurones 38 %; C5-L3: big neu-
rones 26 % , small neurones 29 % after 14 weeks of di-
abetes) retained their ability to generate a [Ca®*]; sig-
nal in response to stimulation of purinoreceptors.
This decrease was not reversed by NT-3 treatment.
The amplitude of ATP-induced [Ca?']; increase, how-
ever, was most affected after 8 and 14 weeks of diabe-
tes in small DRG neurones isolated from L4-L6 gan-
glia, and the N'T-3 treatment restored it to control val-
ues (Fig.5). In big neurones isolated from L4-L6
DRG’s we also observed a decrease in the amplitude
of ATP-induced [Ca®*]; responses after 14 weeks of
diabetes, however this decrease was insensitive to
NT-3 (Fig.5B). There was no significant alteration in
ATP-induced [Ca®*]; transients in the small (or big)
neurones from C5-L3 DRG.

Discussion

High resolution video-imaging of cultured sensory
neurones isolated from STZ-diabetic rats showed
that diabetes markedly affects Ca’>* homeostasis in
neurones isolated from the L4-L6 DRG. Neurones
from C5-L3 DRG were not similarly affected. This
neurodegenerative index correlates with the patho-
physiology of diabetic sensory neuropathy where
neurones with the longest axons are most prone to
neurodegeneration [12]. Whereas the C5-L3 DRG
cultures would contain some neurones with long ax-
ons innervating the forelimb and hindlimb of the rat,
the majority of the neurones cultured were from the
thoracic region and would normally exhibit shorter
axons in vivo. Furthermore, our data point out that
the disruption of Ca?* signalling processes was more
prominent in small (nociceptive) neurones from L4-
L6 ganglia.

Diabetes altered Ca®>* homeostasis as judged by a
substantial increase in resting [Ca®*]; and prolonga-
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tion of the recovery from depolarisation-induced
Ca?* loads. The most prominent change, exclusively
confined to cells obtained from L4-LL6 DRG, was a
more than twofold increase in the resting [Ca®*]..
The former is a parameter very closely associated
with neurodegeneration in a number of neuronal sys-
tems [5]. The increase in resting [Ca®*]; coincided
with a decrease in the amplitude of the depolarisa-
tion-induced [Ca*']; increase, which was detectable
exclusively in small neurones from L4-L6 DRG. The
latter could reflect a decrease in Ca?* channel avail-
ability due to Ca?*-dependent inactivation at high
resting [Ca?*],. The actual density of Ca?* channels
was reported to be increased in diabetic sensory neu-
rones [7] and this might act in a compensatory nature.
Treatment with N'T-3 completely prevented both the
increase in resting [Ca']; and the decrease in the am-
plitude of [Ca*"]; increase in response to depolarisa-
tion. We also found a marked prolongation in recov-
ery time of depolarisation-induced [Ca®*]; transients.
This increase in recovery time was observed in all
groups of neurones being the most prominent in
small cells isolated from L4-L6 DRG. This parameter
peaked after 8 weeks of STZ-induced diabetes, after
14 weeks of diabetes the recovery time showed the
tendency to return to control values.

Experimental diabetes also markedly affected ER
calcium stores in DRG neurones. This was demon-
strated by a decrease in the amplitude of the caf-
feine-induced [Ca®']; increase observed specifically
for small neurones from L.4-LL6 DRGs. Once more,
the most prominent changes were observed in small
neurones where a decrease in the amplitude of caf-
feine-induced [Ca®']; increase was statistically signifi-
cant already after 8 weeks of diabetes. In large neu-
rones a similar, non-significant, decrease was ob-
served after 14 weeks. The reduced amplitude of the
caffeine-induced Ca®* release from intracellular
stores in L4-L.6 DRG neurones of STZ-diabetic rats
were fully reversed by N'T-3 treatment.

We also found that experimental diabetes was as-
sociated with a decrease (from approximately 57 %
down to 30%) in the number of DRG neurones ex-
pressing functional purinoreceptors. This decrease
was observed in cells from both the C5-L3 and L4-
L6 DRG cultures. In the cells that did respond to
ATP there was a decline in the ATP-induced Ca**
transient in diabetes which was present in cells of
L4-L6 ganglia and was completely reversed by NT-3
treatment in only the small neurones.

Such a down-regulation of both functional purino-
receptor expression and ATP-induced Ca** transients
might have a pathophysiological relevance, as these
receptors are believed to be associated with nocicep-
tion [24] and STZ-diabetic rats show mechanical hy-
peralgaesia and tactile allodynia at these time points
[29, 30]. The mechanisms of regulation of expression
of the different purinoreceptors have not been stud-
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ied in sensory neurones, however, expression could
be dependent upon a supply of neurotrophic factors.
Studies in STZ-diabetic rats show decreased target
tissue expression and retrograde axonal transport of
nerve growth factor (NGF) [31-33] and NT-3 [34].
Additionally, glial cell line-derived neurotrophic fac-
tor (GDNF) has been shown to rescue STZ-diabetes
induced deficits in terminal arborisation in the dorsal
horn of non-peptidergic neurones suggesting sub-op-
timal GDNF-dependent trophic support [35]. All of
these growth factors are recognised as being neu-
rotrophic factors for DRG sensory neurones, many
of which express purinoreceptors, and NGF and
GDNF have been shown to up-regulate P,y 5, in sen-
sory neurones [36].

In this study we elected to treat diabetic rats with
NT-3 because previous studies have shown this
growth factor to reverse physiological and morpho-
logical deficits in sensory neurones without inducing
any unwanted side effects [13]. The ability of NT-3
to completely reverse most of the diabetes-induced
alterations in calcium homeostasis was unexpected
because only approximately 20% of sensory neu-
rones in lumbar DRG express trkC receptors and,
additionally, the small population of cells are not be-
lieved to express any trkC receptors [37]. However,
at the dose used, 5.0 mg/kg, NT-3 could be exerting
effects on calcium homeostasis in a wide range of
sensory neurones via binding to trkC, trkA and/or
p75NTR [38, 39]. NT-3 is known to be the most promis-
cuous neurotrophin with the ability to signal via trk
receptors other than trkC. Sensory neurone deficits
in N'T-3 knockout mice are more severe than in trkC
knockout mice, indicating that NT-3 can elicit its re-
sponses via receptors other than trkC [40]. Studies
have shown N'T-3 activation of trkA in NIH3T3 cells
[41] and NT-3 activation of trkA and induction of
neuritogenesis in primary sympathetic neurones
[39]. Additionally, the insert-containing isoform of
trkA is preferentially activated by NT-3, hence the
isoforms of the receptor expressed are important in
determining the signalling response [42]. It has been
proposed that the majority of primary sensory neu-
rones that express trkA, express the NT-3-suscepti-
ble, insert-containing isoform [43]. In adult rats treat-
ed with systemic NT-3, it is therefore feasible that
NT-3 is acting via both trkA and trkC in the DRG.
Therefore, the NT-3-dependent reversal of deficits
in Ca?* homeostasis in small neurones is probably oc-
curring in the peptidergic, NGF-dependent popula-
tion that express trkA. There is no evidence to sup-
port the notion that NT-3 might be acting on the
non-peptidergic, GDNF-dependent population of
small neurones.

Cellular mechanisms of alteration of Ca®>* homeo-
stasis upon development of diabetes are not clear.
The profound change in resting [Ca®*]; implies a quite
dramatic modification in basic Ca?* homeostatic sys-
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tems, possibly involving alterations in expression of
cytoplasmic Ca?* buffering/extrusion systems. A pro-
posed impairment in function of such systems is sup-
ported by the remarkable retardation in [Ca**]; re-
covery after depolarisation. This prolongation of re-
covery mostly results from a dramatic increase in the
plateau of the [Ca']; transient, possibly indicating a
malfunction in mitochondrial Ca** uptake/release
[44]. Furthermore, an impaired ER calcium buffering
can also contribute to the prolongation of [Ca®*]; sig-
nals.

A key question is why such homeostatic Ca?*
mechanisms are impaired in the L4-L6 DRG neu-
rones but not in the C5-L3 neurones? We predict
that with increasing duration of STZ-diabetes the
C5-L3 DRG neurones would also show impaired
Ca** homeostasis. The cause of the accelerated rate
of dysfunction in the L4-L6 DRG neurones could be
related to impaired signalling between cell body and
target tissue (in both the retrograde and anterograde
directions) since an increase in the distance any signal
has to travel is one obvious parameter that separates
the L4-L6 DRG from the C5-L3 DRG. Neurotro-
phins regulate cell phenotype via anterograde/retro-
grade transport-mediated processes and, therefore,
the effects of impaired neurotrophin support could
be more severe in neurones with long axons and
might underlie the altered Ca?** homeostasis ob-
served. The ability of NT-3 to normalise many of
these parameters supports this notion. Neurotro-
phins, such as NGF and NT-3, could regulate expres-
sion/function of proteins that control Ca** buffering
in the mitochondria and ER and, therefore, a defi-
cient supply of trophins would be predicted to result
in impaired Ca®* homeostasis. This lack of trophic
support might also impinge on the smaller neurones
more effectively than in larger neurones and thus ex-
plain why calcium homeostasis is more profoundly
impaired in small versus large neurones. Additional-
ly, large neurones can have more efficient in-built
protective mechanisms that are activated upon loss
of trophic support (i. e., induced by axotomy or diabe-
tes). For example, autocrine production of BDNF oc-
curs in large neurones upon axotomy and mRNA for
BDNEF is increased in DRG of diabetic rats [37, 45].
This induction of autocrine neurotrophic support
could protect these cells from damaging alterations
in calcium homeostasis.

In summary, at 8 to 14 weeks of diabetes there is an
alteration of Ca?>* homeostasis in sensory neurones
which is specific for the L4-L6 DRG. Such neurones
have the longest axons and it is these neurones which
are the most sensitive targets of diabetes-induced
axonopathy. Therefore, these changes in Ca** homeo-
stasis could be an early marker for diabetes-linked
neurological complications and further investigation
into mechanisms might reveal important aetiological
events.
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