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Abstract

Aims/hypothesis Recurrent hypoglycaemia is primarily caused
by repeated over-administration of insulin to patients with
diabetes. Although cognition is impaired during hypoglycaemia,
restoration of euglycaemia after recurrent hypoglycaemia is
associated with improved hippocampally mediated memory.
Recurrent hypoglycaemia alters glucocorticoid secretion in
response to hypoglycaemia; glucocorticoids are well established
to regulate hippocampal processes, suggesting a possible mech-
anism for recurrent hypoglycaemia modulation of subsequent
cognition. We tested the hypothesis that glucocorticoids within
the dorsal hippocampus might mediate the impact of recurrent
hypoglycaemia on hippocampal cognitive processes.

Methods We characterised changes in the dorsal hippocampus
at several time points to identify specific mechanisms affected
by recurrent hypoglycaemia, using a well-validated 3 day
model of recurrent hypoglycaemia either alone or with
intrahippocampal delivery of glucocorticoid (mifepristone)
and mineralocorticoid (spironolactone) receptor antagonists
prior to each hypoglycaemic episode.

Results Recurrent hypoglycaemia enhanced learning and also
increased hippocampal expression of glucocorticoid recep-
tors, serum/glucocorticoid-regulated kinase 1, cyclic AMP re-
sponse element binding (CREB) phosphorylation, and plasma
membrane levels of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and N-methyl-D-aspartic
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acid (NMDA) receptors. Both hippocampus-dependent mem-
ory enhancement and the molecular changes were reversed by
glucocorticoid receptor antagonist treatment.
Conclusions/interpretation These results indicate that increased
glucocorticoid signalling during recurrent hypoglycaemia pro-
duces several changes in the dorsal hippocampus that are condu-
cive to enhanced hippocampus-dependent contextual learning.
These changes appear to be adaptive, and in addition to
supporting cognition may reduce damage otherwise caused by
repeated exposure to severe hypoglycaemia.

Keywords AMPA receptor - Cognition - CREB -
Glucocorticoids - NMDA receptor - Recurrent
hypoglycaemia - Serum/glucocorticoid-regulated kinase 1 -
Stress - Type 1 diabetes

Abbreviations
aECF Artificial extracellular fluid

AMPA a-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid

AMPAR  «-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor

CREB Cyclic AMP response element binding

GC Glucocorticoid (treatment group)

GR Glucocorticoid receptor

HPA Hypothalamic—pituitary—adrenal

MR Mineralocorticoid receptor

NMDA  N-Methyl-D-aspartic acid

NMDAR  N-Methyl-p-aspartic acid receptor

pCREB  Phosphorylated CREB

RH Recurrent hypoglycaemia (treatment group)

SGK1 Serum/glucocorticoid-inducible kinase-1
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Introduction

Hypoglycaemia occurs in patients with either type 1 or type 2
diabetes, at a rate of around 43 bouts per patient per year in
type 1 diabetes and 16 bouts per patient per year in type 2 [1].
The bouts vary in length, but can last for hours if they are
nocturnal [2] and/or exacerbated by other lifestyle factors such
as exercise [3]. Reports vary, but around 5—10% of individuals
with type 1 diabetes may die from hypoglycaemic complica-
tions [4, 5].

During hypoglycaemia, cognitive processing is highly di-
minished because of the impaired supply of glucose to the
brain [6]. Moreover, studies in both animals and humans sug-
gest that adaptation occurs in type 1 diabetes to alter cognitive
function during successive hypoglycaemic bouts [7, 8].
Following nocturnal hypoglycaemia, cognitive function
in patients with type 1 diabetes is better preserved during
subsequent hypoglycaemia [9], while short-term memory,
reaction times and P300 amplitudes and latencies are im-
proved or maintained following recurrent hypoglycaemia
compared with those measured after an initial antecedent
hypoglycaemic bout [6, 10]. In rodents, this has been ex-
tended to show that, following recovery from recurrent
hypoglycaemia, euglycaemic working memory is signifi-
cantly improved compared with animals that did not un-
dergo hypoglycaemia [8].

Relatively few studies have examined the impact of
recurrent hypoglycaemia on cognitive function in
humans, and the results are often potentially confounded
by other effects of diabetes that are generally deleteri-
ous; the mechanisms underlying adaptive responses to
recurrent hypoglycaemia that result in preservation and/
or enhancement of cognition are not well understood.
Here, we investigated a potential role for glucocorti-
coids in mediating hippocampal responses to recurrent
hypoglycaemia that are responsible for procognitive ef-
fects on behaviour in rats. We used a rat model of
recurrent hypoglycaemia that we have previously vali-
dated [8] in order to avoid any impact of any underly-
ing disease state.

Hypoglycaemia is stressful, activating the hypothalamic—
pituitary—adrenal (HPA) axis. HPA-stimulated glucocorticoid
release plays a major role in maintaining systemic blood glu-
cose levels [11]. Glucocorticoids also have profound effects
on the brain. Once released from the adrenals, glucocorticoids
reach the hippocampus within minutes (peaking at 8—10 min
[12]). Although both mineralocorticoid receptors (MRs) and
glucocorticoid receptors (GRs) are present throughout the
brain, the hippocampus has the greatest brain level of receptor
co-localisation [13].

Recurrent hypoglycaemia affects the hippocampus di-
rectly, including effects on glucocorticoid signalling.
Adolescent recurrent hypoglycaemia chronically reduces

hypothalamic corticotrophin releasing hormone and GRs,
but elevates both GRs and MRs in the hippocampus
[14]. A similar regional contrast is seen with regard to
cell death: glucose-sensing regions of the hypothalamus
undergo apoptosis [15] and suppression [16], but the hip-
pocampus adapts to hypoglycaemia, maintains synaptic
transmission [17], increases glucose availability [8] and
increases glutamatergic signalling during hypoglycaemia
[18]. These changes may underlie altered cognitive perfor-
mance: brain glucocorticoid signalling transduces the im-
pact of recurrent hypoglycaemia on hypothalamic glucose-
sensing and impaired awareness of hypoglycaemia [19],
supporting this mechanism as a plausible candidate to me-
diate the neural impact of recurrent hypoglycaemia in the
hippocampus.

The dorsal hippocampus is integral to both learning and spa-
tial navigation, including memory for contextual, but not cued,
conditioned fear [20, 21]. N-Methyl-D-aspartic acid (NMDA)
and o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor activation triggers calcium influx [22], with
downstream effects including activation of cyclic AMP response
element binding (CREB) protein. Phosphorylation of CREB at
Ser133 (to produce pCREB) is considered crucial for hippocam-
pal memory formation, including contextual fear learning [23].
Glucocorticoids regulate several hippocampal molecular memo-
ry processes. At physiological levels, glucocorticoids in the dor-
sal hippocampus improve learning and memory in a time- and
dose-dependent manner [24]. Growing evidence supports a role
for serum/glucocorticoid-inducible kinase 1 (SGK1), an early
gene product of nuclear GR and/or MR activation [25, 26], in
mediating the cognitive enhancing effects of glucocorticoids.
SGK1 mediates performance in water maze and contextual fear
tasks [27, 28]. Activated SGK1 has been shown to increase
CREB Ser133 phosphorylation [29], NMDA receptor
(NMDAR) 2B expression [30] and NMDA/AMPA receptor traf-
ficking [31, 32]. Peripherally, SGK1 has been implicated in the
pathological consequences of both type 1 and type 2 diabetes
[33, 34]. Overall, we identified SGK1 as a potential candidate
transducer for the impact of glucocorticoids and/or
hypoglycaemia on the dorsal hippocampus.

We took molecular measures at three time points (Fig. 1)
to characterise the impact of recurrent hypoglycaemia on
several potential molecular targets of interest capable of
influencing cognition. Our hypothesis was that recurrent
hypoglycaemia would alter hippocampal physiology at base-
line, improve performance on a contextual fear task and per-
haps show an interaction with testing in terms of molecular
changes; these hypotheses were confirmed. In addition, many
behavioural and molecular consequences of recurrent
hypoglycaemia were shown to be dependent on glucocorti-
coid signalling in the dorsal hippocampus, providing the first
mechanistic explanation for the impact of recurrent
hypoglycaemia on memory processing.
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Methods
Animals

Procedures were approved by the University Institutional
Animal Care and Use Committee and adhered to standards set
forth by the Guide for the Care and Use of Laboratory Animals.
Male Sprague Dawley rats (Crl:SD outbred strain, Charles
River, Wilmington, MA, USA) arrived at 11 weeks old and
were given ad libitum food and water except during
hypoglycaemia (see the Recurrent hypoglycaemia section be-
low). Rats were maintained on a 12/12 light/dark schedule, with
lights switched on at 07:00 hours. Rats rested in the facility for
1 week before any experiments took place. Prior to surgery, rats
were housed two to a cage; following surgery rats were single-
housed. All procedures began between 09:00 hours and
12:00 hours; hypoglycaemia was terminated by 15:00 hours.

Infusion treatments

The vehicle was artificial extracellular fluid (aECF; [35]) with
1.25 mmol/l glucose. For animals receiving glucocorticoid
antagonist treatment, the MR and GR antagonists
spironolactone and mifepristone (Sigma-Aldrich, St Louis,
MO, USA), respectively, were prepared together in aECF with
0.01% ethanol to a final concentration of 5 ng/0.5 ul [36] and
given at 0.5 ul per side at 0.125 pl/min immediately prior to
hypoglycaemia or saline (154 mmol/l NaCl) administration.

Arrival at facility — 11 weeks old

Experimental groups

All groups underwent the same surgical and recurrent
hypoglycaemia schedule, but group experiences varied begin-
ning 24 h after the third bout of hypoglycaemia (Fig. 1).
Animals were randomly assigned to one of four conditions: sa-
line + aECF, saline + glucocorticoid (GC) antagonist, recurrent
hypoglycaemia (RH) +aECF, or RH + GC antagonist. GC antag-
onist conditions were randomly assigned by co-authors not in-
volved in the behavioural testing processes; the experimenter
was blinded to all animal conditions during contextual fear test-
ing and scoring. Between two and four separate cohort replicates
were created and run for each of the four groups listed below.
Group sizes were based on previous studies that examined be-
havioural and metabolic effects of recurrent hypoglycaemia [8].

RH-only group For the RH group, tissues were collected 24 h
after the third bout of hypoglycaemia. Group numbers were as
follows: saline+aECF, n=7; saline+ GC antagonist, n=06;
RH+aECF, n=7; RH+ GC antagonist, n=4.

Learning group Contextual fear training was applied, and the
animals were euthanised 4 h after training. Home-cage con-
trols were run in parallel with this group to establish baseline
levels of protein expression. These rats were regularly handled
but did not undergo surgery, infusions or recurrent
hypoglycaemia. Group numbers were as follows: saline +
aECF, n=5; RH+aECF, n=8; RH+ GC antagonist, n=7,
home-cage, n=4.

Surgery _ ) )
Hypoglycaemia  Hypoglycaemia  Hypoglycaemia
1 week 1 week 1 day 1 day 1 day 1 day H 1 day |
Habituation & Recovery
handling & handling
Leamning stage RH-only Acquisition Consolidation Retrieval
targeted

Contextual fear

Shock to learning &
retrieval groups

Behaviour retrieval &
context groups

training
schedule
No shock to
context-only group
’ g Learning group Post-retrieval
T|ssu'e 24 h post-RH (hippo. tissues 4 h retrieval & context
collection RH-only group post-training groups

Fig. 1 Timeline for testing and tissue collection. Experimental proce-
dures were identical for all groups until the end of the third day of
hypoglycaemia. The RH-only group had tissues collected 24 h after their
final bout of recurrent hypoglycaemia. The learning group received
shock—context pairing in the training chamber, with tissues collected
4 h after training. The retrieval group underwent conditioned fear training
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with shock—context pairing; their post-fear retrieval behaviour was mea-
sured 24 h after training, and tissues were collected immediately after-
wards. The context group was exposed to the context with no shock
pairing, and tissues were collected immediately after the behaviour.
Hippo., hippocampus
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Retrieval group The animals underwent contextual fear train-
ing and testing, and were euthanised immediately. Group num-
bers were as follows: saline+aECF, n=11; saline + GC antag-
onist, n=5; RH+aECF, n=11; RH + GC antagonist, n=10.

Context group This group served as a behavioural control for
the retrieval group. They were exposed to the context training
chamber but did not receive foot shocks. Conditions were other-
wise identical to the retrieval group, to permit controlling for any
behavioural and molecular changes due to the novel environment.
Group numbers were as follows: saline +aECF, n=5; saline + GC
antagonist, n=_8; RH +aECF, n=6; RH+ GC antagonist, n=6.

Cannula implantation

Rats were anaesthetised with 5% isoflurane. Standard sterile
stereotaxic methods were used to implant microinjection cannu-
lae into the dorsal hippocampus at coordinates (in mm, relative to
the bregma) of —5.6 posterior, £5.0 lateral and —3.3 ventral.
Rimadyl (5 mg/kg body weight, BioServ, Flemington, NJ,
USA) was given postsurgically and daily for 3 days thereafter.
Animals were given 7 days of recovery, with extensive handling
each day. Cannula placement was confirmed at tissue extraction.
If the probe was misplaced, behavioural and biochemistry results
for that animal were excluded from all analyses. Four rats were
removed from the study due to misplaced probes.

Recurrent hypoglycaemia

Hypoglycaemia was induced for 3 h once daily for three con-
secutive days [8]. Rats received 10 U/kg i.p. insulin on the first
day; subsequent doses were titrated (4—9 U/kg) to ensure
blood glucose levels between 2.2 and 2.8 mmol/l as the rats
sensitised to insulin over the 3 day period (see Table 1 for
average values). Control animals received volume-matched
i.p. saline injections. Blood was collected by tail-vein prick
1 h after insulin administration for blood glucose determina-
tion (OneTouch Ultra meter, LifeScan, Wayne, PA, USA) and
corticosterone levels (Yale Medical Labs, New Haven, CT,
USA). Rats that did not experience blood glucose levels
below 2.8 mmol/l for 3 days were excluded from the study
(n=3).

Contextual fear conditioning

Behavioural training was begun 24 h after the last
hypoglycaemic bout. Contextual fear measures were adapted
[37] to test hippocampus-dependent spatial memory. Rats were
placed in a chamber with distinct spatial cues and allowed to
explore freely for 60 s prior to presentation of a tone (80 db) for
10 s followed immediately by a 5 s, 0.8 mA foot shock. This
tone—shock pairing was repeated three times with 1 min inter-
trial intervals. Rats were returned to their home cage until

Table 1 Blood glucose and cor-

ticosterone levels and doses of Saline + aECF Saline + GC antagonist RH +aECF RH + GC antagonist
insulin administration for rats for
in the RH-only group Mean SEM Mean SEM Mean SEM Mean SEM
Blood glucose (mmol/l)
Dayl 78 0.1 8.2 0.4 2.9 *f 0.2 2.9 *f 0.2
Day2 75 0.2 8.0 0.2 2.6 % 0.1 2.2 0.2
Day3 75 0.2 8.1 0.5 2.6 % 0.2 24 %" 0.2
Corticosterone (nmol/l)
Dayl 49 0.8 29 0.9 113+ 14 15.4 T8 13
Day2 19 03 23 0.7 9.6 * 0.9 12.4 * 13
Day3 1.0 0.3 39 2.0 5.0H 1.0 8.6 FT 23
Insulin dose (U/kg)
Dayl - - - - 9.0 0 9.0 0
Day2 - - - - 7.8 0.2 7.8 0.2
Day3 - - - - 6.8 0.4 5.8" 0.4

Recurrent hypoglycaemia decreased blood glucose concentration regardless of glucocorticoid antagonism.
Recurrent hypoglycaemia significantly interacted with both bout and glucocorticoid antagonism to influence
plasma corticosterone levels. The insulin dose required to elicit hypoglycaemia decreased with each successive
day; animals in the GC antagonist group required less insulin on day 3 compared with the aECF-infused group

*p <0.05 compared with saline + aECF group

$p<0.05 compared with RH +aECF group

T p<0.05 compared with saline + GC antagonist group
¥ p<0.05 between bouts on day 1 and day 3
15 <0.05 in the RH+aECF group between bouts on day 2 and day 3
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testing 24 h later, when they were returned to the same chamber.
Memory for association between context and foot shock was
assessed by time spent freezing without the tone, defined as a
complete absence of movement.

Western blotting

The dorsal hippocampus was removed and homogenised with
300 pl of homogenisation buffer containing phosphate inhibitor
(1:500), from which 30 pl of homogenate was removed and
combined with RIPA buffer containing protease and phosphatase
inhibitors. The initial homogenate was processed for plasma
membrane isolation as per the manufacturer’s instructions
(BioVision, Milpitas, CA, USA). Protein was loaded into SDS
PAGE 10% gels (BioRad). Gels were transferred to PVDF mem-
brane (Thermo Scientific, Waltham, MA, USA). Primary anti-
bodies were left overnight at 4°C for GR (1:1000, Cell Signaling,
Beverly, MA, USA), AMPA receptor (AMPAR, subtype 1)
(1:1000, Cell Signaling), actin (1:10,000, Sigma-Aldrich, St.
Louis, MO, USA), NMDAR 2B (1:1000, Cell Signaling),
SGK1 (1:750, Millipore, Billerica, MA, USA), pCREB (1:500,
Abcam, Cambridge, MA, USA) and CREB (1:750, Abcam).
Anti-rabbit and anti-mouse secondary antibodies were used at
1:20,000 in TBST and then with tertiary streptavidin—
horseradish peroxidase (Cell Signaling) for 1 h. SuperSignal
West Pico chemiluminescent (Thermo Scientific) was applied.
Bands were analysed using Image J software version 1.45 s

(NIH, http://imagej.nih.gov/ij/).
Data analysis

Statistical analyses used one- , two- and three-way ANOVAs
via GraphPad Prism 6 (La Jolla, CA, USA) and SPSS version
17.0 (http://www.ibm.com/analytics/us/en/technology/spss/),
a=0.05, with Bonferroni multiple comparison post hoc tests
as needed. Specific planned comparisons were made between
(1) RH and saline-treated animals, and (2) GC antagonist con-
ditions. Data points 3 SD or more away from the mean were
excluded. In some cases, this caused minor variation in n
between measures.

Results

GC antagonism did not affect induction of hypoglycaemia,
but altered corticosterone release when combined
with recurrent hypoglycaemia

Induction of hypoglycaemia successfully lowered blood
glucose to target levels (F75=1381, p<0.0001; Table 1),
unaffected by either day of hypoglycaemia (F,75=2.003,
p>0.05) or GC antagonism (F; 75=1.604, p>0.05).
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There were significant group differences in peripheral cor-
ticosterone levels (Table 1). As expected, recurrent
hypoglycaemia increased corticosterone concentrations
(F163=120.019, p<0.0001), and the increase in corticoste-
rone with recurrent hypoglycaemia decreased across the 3 days
of recurrent hypoglycaemia (main effect of day F; 63 =11.256,
p<0.001; interaction between recurrent hypoglycaemia and
day F,3=5.427, p<0.01). GC antagonism potentiated the
increased corticosterone levels in RH animals (interaction be-
tween RH and GC antagonism, F ¢3=5.007, p<0.05).

Insulin administration decreased across the 3 days of RH
(Table 1; F36=61.97, p<0.0001). Post hoc analysis showed
a difference between aECF and GC antagonism on the third
day of RH: antagonist-infused rats required less insulin com-
pared with vehicle (p<0.05).

Glucocorticoid antagonism during hypoglycaemia
prevented recurrent hypoglycaemia-induced
enhancement of hippocampus-dependent contextual
memory

In the retrieval group, there was a significant interaction
(F132=6.827, p<0.05; Fig. 2a) between recurrent
hypoglycaemia and GC antagonism in affecting freezing in
response to context. Recurrent hypoglycaemia significantly
increased freezing, indicating improved memory, and this ef-
fect was not seen in animals receiving GC antagonism.

Rats that were exposed to context without foot shock
showed no group differences in freezing: no effect of RH
(F121=1.390, p>0.05), GC antagonism (F; ,;=0.0803,
p>0.05) or their interaction (¥ 5, =0.9805, p>0.05; Fig. 2b).

Recurrent hypoglycaemia alone altered key protein levels
in the dorsal hippocampus; glucocorticoid antagonism
attenuated some of the increases

In the RH-only group, recurrent hypoglycaemia increased
dorsal hippocampal GRs (main effect of recurrent
hypoglycaemia F; 16=6.375, p<0.05; Fig. 3b) and SGK1
(F117=6.350, p<0.05; Fig. 3a), but neither measure was af-
fected by GC antagonism, nor was there an interaction be-
tween recurrent hypoglycaemia and antagonism.

Plasma membrane NMDAR measurements showed a sig-
nificant interaction for RH x GC antagonism (F 14=15.68,
p<0.05; Fig. 3d),but there was no main effect of RH or GC
antagonism. Planned comparisons showed that recurrent
hypoglycaemia increased plasma membrane NMDAR and that
this increase was reversed in animals in the RH + GC antagonist
group. Unexpectedly, additional post hoc comparisons indicat-
ed that plasma membrane NMDAR levels were also increased
in animals receiving GC antagonism only, compared with an-
imals receiving either saline + aECF or RH + GC antagonism.
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Fig.2 Percentage time freezing in the contextual fear task for the retriev-
al group (a) and the context-only group (b), which were exposed to the
same context but not shocked. In the retrieval group (a), there was a
significant interaction in which recurrent hypoglycaemia significantly
increased the time spent freezing, an effect attenuated by the addition of

There was a significant interaction between RH and GC an-
tagonism (F 1,=48.05, p<0.0001; Fig. 3c), but no effect of RH
or GC antagonism. Planned comparisons confirmed that this
reflected an increase in plasma membrane APMAR that was
caused by recurrent hypoglycaemia and attenuated by GC an-
tagonism. As with the NMDAR measures, GC antagonism
alone unexpectedly increased AMPAR levels compared with
animals receiving either saline + aECF or RH + GC antagonism.

Total hippocampal NMDAR and AMPAR were also mea-
sured. There was a significant interaction (F; 5=4.48,
p<0.05; Fig. 3¢, f) for total NMDAR levels. There were no main
effects of either RH or GC antagonist treatment. Total AMPAR
levels were not significantly affected by any treatments.
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in freezing. Black bars, aECF-infused rats; white bars, GC antagonist-
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compared with RH + GC antagonist group

Recurrent hypoglycaemia increases hippocampal SGK1
and pCREB after task encoding, an effect that is reversed
by GC antagonism

In the learning group, 4 h after training in the contextual fear task
there were significant one-way ANOVA effects for treatment
indicating changes in dorsal hippocampal levels of SGK1
(F323=5.078, p<0.01; Fig. 4a, b) and pCREB (F3,3=3.170,
p<0.05). Both SGK1 and pCREB levels were significantly in-
creased in the RH+aECF group compared with saline + aECF
and significantly attenuated by the addition of GC antagonist.
There were no differences in plasma membrane or total
NMDAR or AMPAR levels (data not shown).
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Fig. 4 Recurrent hypoglycaemia increased hippocampal SGK1 (a) and
pCREB (b) 4 h after contextual fear training; GC antagonism reversed
this increase. Home-cage controls did not vary from saline or RH+ GC

Recurrent hypoglycaemia increases, and hippocampal
gluococorticoid antagonism restores, pPCREB following
retrieval while contextual exposure alone has no effect

In the retrieval group, pCREB was elevated in RH-aECF an-
imals; this increase was reversed by GC antagonism
(F128=4.464, p<0.05 for the RH-antagonism interaction;
Fig. 5a, b). No group differences were seen in SGK1. In the
context group, exposure to the context chamber alone did not
produce any changes in protein measures, nor were any group
differences seen in this group (Fig. 6a, b). There were no
differences in plasma membrane or total NMDAR or
AMPAR levels (data not shown).

Discussion

The hypothesis that glucocorticoid actions in the dorsal hippo-
campus mediate the effects of recurrent hypoglycaemia on hip-
pocampal learning and memory was supported. Recurrent
hypoglycaemia enhanced subsequent contextual fear memory
(tested at euglycaemia, Fig. 2a), extending, and consistent with,
prior work using spatial working memory [8, 38]. This en-
hancement was blocked by intrahippocampal glucocorticoid
antagonism during each hypoglycaemic episode (Fig. 2a).
Several glucocorticoid-dependent molecular mechanisms con-
tributing to this behavioural effect were identified. Twenty-four
hours after the third daily bout of hypoglycaemia, recurrent
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Fig. 5 Relative levels of SGK1 (a) and pCREB (b) in the behavioural
group immediately after behavioural testing. There were no differences
across conditions for SGK1. Recurrent hypoglycaemia increased
pCREB, an effect attenuated by the addition of GC antagonists. Black

@ Springer

2.09
m 1.5
w *
?_:7 §
m
w<
[any
Q05

0-
Home-cage Saline RH RH+GC

antagonist groups. *p» <0.05 compared with saline + aECF group;
$5<0.05 compared with RH+ GC antagonist group. AU, absorbance
units

hypoglycaemia increased hippocampal GR, SGK1 and plasma
membrane AMPAR and NMDAR, with the increase in plasma
membrane AMPAR and NMDAR being dependent on gluco-
corticoids (Fig. 3a—f). Additional glucocorticoid-dependent ef-
fects of recurrent hypoglycaemia were seen after both forma-
tion of a contextual fear memory and retrieval of that memory:
increased hippocampal SGK1 and pCREB after training
(Fig. 4a, b), and increased pCREB after retrieval (Fig. 5b), were
all shown to be dependent on hippocampal glucocorticoid sig-
nalling during recurrent hypoglycaemia. Because exposure to a
novel context alone did not result in commensurate changes,
regardless of treatment, these data support a glucocorticoid-
dependent role for recurrent hypoglycaemia in enhancing hip-
pocampal long-term memory processes via increased pPCREB
and SGK1 activity.

Hippocampal glucocorticoid antagonism during recurrent
hypoglycaemia also potentiated systemic release of the
counterregulatory hormone corticosterone. Several studies have
demonstrated that recurrent hypoglycaemia attenuates corticoste-
rone levels in plasma during subsequent hypoglycaemic epi-
sodes, a key element of eventual counterregulatory failure after
recurrent hypoglycaemia [39]. Animals that received the GR/MR
antagonists still experienced a decline in peripheral corticoste-
rone levels due to recurrent hypoglycaemia across days, but their
corticosterone levels were higher than those of animals in the
RH-aECF group (Table 1). This was probably due to impaired
hippocampal feedback termination of the HPA response,
allowing for increased and/or prolonged secretion of
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corticosterone. Because glucocorticoid antagonist treatments
were delivered specifically to the hippocampus, initiation of a
counterregulatory response by the hypothalamus would probably
remain unaffected.

Prior to any behavioural task, recurrent hypoglycaemia in-
creased hippocampal SGK1 and glucocorticoid receptors,
both in a non-glucocorticoid-dependent manner (Fig. 3a, b).
This finding was again surprising, as both proteins are under
genomic regulation by glucocorticoids [25, 26]. Increased hip-
pocampal glucocorticoid receptors would be expected to lead
to a more rapid subsequent cessation of counterregulatory
hormone release, and merits further study in terms of the im-
paired counterregulation seen after recurrent hypoglycaemia.
SGK1 may, perhaps, require additional stimuli (specifically,
cognitive engagement) in order for glucocorticoid sensitivity
of changes in response to recurrent hypoglycaemia to become
more apparent: in the learning group 4 h after training, SGK1
levels were again elevated due to recurrent hypoglycaemia
(Fig. 4a), but in contrast to the baseline changes this increase
was glucocorticoid-dependent. SGK1 is involved in
hippocampus-dependent forms of memory [27, 28, 32], and
may be partially responsible for the procognitive effects of
recurrent hypoglycaemia.

CREB phosphorylation at Ser133 is important for
hippocampally mediated spatial learning [23]. Here, hippocam-
pal pCREB was increased by recurrent hypoglycaemia, and at-
tenuated by the addition of GC antagonism, 4 h after training
(Fig. 4b), a critical period in pCREB-related consolidation
events [40, 41]. At the same time point, hippocampal SGK1
was also increased by recurrent hypoglycaemia via glucocorti-
coid signalling (Fig. 4a). Limited work has been done to char-
acterise SGK1 in the hippocampus [27, 32]; chronic upregula-
tion of SGK 1 enhances, while knockdown decreases, contextual
fear learning [28], consistent with our data. Although SGK1 can
increase pCREB [29], the fact that we saw an increase in
pCREB after retrieval without any change in SGK1 suggests
that the glucocorticoid-dependent effects of recurrent
hypoglycaemia to increase hippocampus-dependent long-term
spatial learning may also be due to direct glucocorticoid activa-
tion of CREB during retrieval, independent of SGK1. Because
animals exposed only to the contextual chamber (the context
group) did not have any changes in hippocampal pCREB

(Fig. 6b), increased pCREB levels after learning and retrieval
can be attributed to recurrent hypoglycaemia, and were gluco-
corticoid-dependent. Animals in the context group, as expected,
showed very little freezing behaviour (Fig. 2b) and no effect of
any treatment on freezing, validating recurrent hypoglycaemia
and glucocorticoid antagonism as the sources of behavioural and
protein group differences observed.

Also prior to any behavioural training or testing, both re-
current hypoglycaemia and glucocorticoid antagonists in-
creased hippocampal plasma membrane levels of AMPAR
and NMDA (Fig. 3c, d). This may explain previous findings
of increased synaptic activity [17] and improved working
memory [8] in rats after recurrent hypoglycaemia. The find-
ing that glucocorticoid antagonists increased hippocampal
glutamate receptor levels was contrary to expectation, given
that glucocorticoids increase both receptors at the plasma
membrane [42, 43]. These apparently paradoxical results
may be due to experimental differences: previous measure-
ments of the effects of glucocorticoids on plasma membrane
levels of AMPAR and NMDAR were made after acute MR/
GR manipulation, whereas the current study measured pro-
tein levels 24 h after the last of three antagonist doses. We
speculate that GR/MR antagonism over the course of 3 days
may have prompted a compensatory increase in glutamate
transmission capacity, similar to that seen for glucose trans-
port in response to recurrent hypoglycaemia. Glucocorticoid
antagonists alone did not affect either SGK1 or pCREB, our
primary molecular measures, both of which were significant-
ly affected by recurrent hypoglycaemia and attenuated by
glucocorticoid antagonism. The increase in plasma mem-
brane glutamate receptors, seen after antagonist administra-
tion, was not sufficient alone to affect behavioural outcomes:
although follow-up studies on glutamate transmission after
recurrent hypoglycaemia would be of interest, we interpret
our results to more strongly implicate SGK 1 working through
pCREB as a pathway of interest, and as warranting additional
research into pCREB’s downstream effects on brain derived
neurotrophic factor [44], activity-regulated cytoskeleton-as-
sociated (Arc/Arg3.1) protein [45], c-fos [45] and/or early
growth response-1 protein (EGR1) [45] as further down-
stream targets of the effects of recurrent hypoglycaemia on
hippocampal cognition.
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Neuronal responses to hypoglycaemia will vary with the
severity of hypoglycaemia. Here, we used a well-established
moderate recurrent hypoglycaemia method, but more severe
hypoglycaemia is likely to further elevate glucocorticoid levels,
with unknown long-term consequences. It is important to note
that these results were obtained in non-diabetic animals, and
hence are unconfounded by a diabetic disease state. Following
recurrent hypoglycaemia in a hippocampal-dependent working
memory task, studies have demonstrated identical cognitive
enhancement in type 1 diabetic and non-diabetic rat models
[8], suggesting that similar behavioural and physiological
changes would occur in rats with type 1 diabetes using this
paradigm; however, a possible limitation is that we did not
study the interaction of recurrent hypoglycaemia with diabetes.
Many of the changes induced by recurrent hypoglycaemia in
the hippocampus were attenuated by glucocorticoid antago-
nism; this introduces a potential clinical complication in terms
of how insulin treatments should be managed in clinical popu-
lations. Anti-glucocorticoid treatments may interact with
hypoglycaemic medications, including insulin, to minimise
adaptive responses and potentially impair susceptibility to fu-
ture hypoglycaemic bouts. Further work using clinically rele-
vant routes of glucocorticoid antagonist administration might
give insight into this, and also into whether a therapeutic mod-
ulation of glucocorticoid signalling could be beneficial in alle-
viating the cognitive deficits that occur during hypoglycaemia,
a critical issue in patients with diabetes [46].
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