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White-nose syndrome is devastating North American bat populations but we
lack basic information on disease mechanisms. Altered blood physiology
owing to epidermal invasion by the fungal pathogen Geomyces destructans
(Gd) has been hypothesized as a cause of disrupted torpor patterns of affected
hibernating bats, leading to mortality. Here, we present data on blood elec-
trolyte concentration, haematology and acid—base balance of hibernating
little brown bats, Myotis lucifugus, following experimental inoculation with
Gd. Compared with controls, infected bats showed electrolyte depletion
(i.e. lower plasma sodium), changes in haematology (i.e. increased haematocrit
and decreased glucose) and disrupted acid—base balance (i.e. lower CO, par-
tial pressure and bicarbonate). These findings indicate hypotonic dehydration,
hypovolaemia and metabolic acidosis. We propose a mechanistic model linking
tissue damage to altered homeostasis and morbidity /mortality.

1. Introduction

Infectious fungal diseases are causing unprecedented wildlife die-offs [1]. Amphi-
bian chytridiomycosis has caused the most severe disease-related loss of
biodiversity ever observed [2], and bat white-nose syndrome (WNS) in North
America has caused the fastest decline of wild mammals in history, threatening
common species with extinction [3]. Both diseases are caused by fungal skin infec-
tions. In amphibians, disrupted cutaneous function appears to cause a cascade of
pathophysiological changes leading to mortality [4]. In bats, the WNS pathogen,
Geomyces destructans (Gd), affects the skin of the nose, muzzle and ears of bats but
most severely damages the wings [5,6], which play a crucial role in thermoregula-
tion, water economy, gas exchange and immune function [7,8]. Altered water and
electrolyte balances due to wing lesions have been hypothesized as important in
WNS pathogenicity [9-11], while mortality from WNS is preceded by a progress-
ive increase in the frequency of periodic arousals from torpor during hibernation
and premature fat depletion [12]. Therefore, interactions among cutaneous infec-
tion, hibernation physiology and mortality are likely, but mechanisms linking
these processes are not understood.

Skin lesions that occur with Gd infection superficially resemble burn injuries
and could lead to similar complications, including fluid loss [9,10,13]. This has
led to the ‘hypotonic dehydration hypothesis’ that affected bats exhibit increa-
sed water and solute loss across wing lesions, replenish body water by
drinking inside hibernacula but eventually suffer electrolyte depletion because
they have no access to food [10]. Measurements of sodium and chloride
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from wild and experimentally infected, WNS-positive little
brown bats (Myotis lucifugus) are consistent with this hypoth-
esis [10]. However, pronounced fluid loss and hypotonic
dehydration predict other changes in blood physiology such
as hypovolaemia and metabolic acidosis [14]. In addition to
shedding light on the pathophysiology of WNS, understand-
ing how these factors influence morbidity and mortality
could be valuable for rehabilitation of infected bats and
potentially disease mitigation.

We studied blood physiology of M. lucifugus experimen-
tally inoculated with Gd by Warnecke et al. [12] to test the
hypotonic dehydration hypothesis [10], identify other conse-
quences of Gd infection and help understand WNS mortality.
Specifically, we tested for changes in electrolytes, haematology
and acid—base balance. We predicted that infected bats would
exhibit: (i) altered extracellular electrolyte concentrations
(e.g. reduced sodium) owing to fluid loss over the epidermis
from wing lesions [10]; (ii) haematological evidence of dehy-
dration and starvation (e.g. elevated haematocrit owing to
fluid loss [9] and decreased glucose because of depleted fat
reserves [12]); and (iii) evidence of disrupted acid—base bal-
ance associated with hypovolaemia (e.g. reduced pH with
reduction of bicarbonate and respiratory compensation result-
ing in decreased carbon dioxide). We also predicted that the
magnitude of these changes would be associated with severity
of wing tissue necrosis.

2. Material and methods

We collected 54 M. lucifugus from a WNS-negative cave and
inoculated them with either a North American isolate of Gd, a
European isolate or sham-inoculate (1 = 18 each) as described in
Warnecke et al. [12] (see the electronic supplementary material).
All inoculated bats, but no controls, contracted WNS based on his-
topathology [12]. Bats were housed at 7°C and greater than 97%
relative humidity with ad libitum water. After four months, we
increased enclosure temperature to 25°C for approximately 1 h to
assist rewarming from torpor, anaesthetized bats and collected
blood (see the electronic supplementary material). Sampling
from infected bats was complicated by high blood viscosity, but
we obtained samples from eight inoculated individuals and all
controls. Pathogenicity of both Gd isolates was similar [12] so we
pooled results for inoculated bats. Using a blood analyser
(i-STAT1, CG8+ cartridge, Abaxis, Union City, CA) we measured,
(i) electrolytes: concentrations of sodium ([Na*], mmol 1™ and
potassium ([K*], mmol 17Y; (i) haematology: haematocrit (Hct,
% packed cell volume) and glucose concentration ([Glu], mg
dli™Y); (iii) acid-base: carbon dioxide partial pressure (pCO,,
mmHg) and pH. The analyser calculated bicarbonate
concentration ((HCO3 ], mmol 1™") based on pH and pCO..

To quantify severity of infection, we processed, using standard
histological techniques and periodic acid-Schiff stain, a total of
15-20 cm of 5 wm-thick sections of skin from the entire left wing
of each bat and evaluated them using light microscopy [6]. We
scored necrosis based on the percentage of skin surface with
fungal hyphae present that was necrotic (i.e. loss of epidermis and
disruption of underlying connective tissue): 0, no necrotic tissue;
1, less than 1 per cent; 2, 1-10%; 3, 10-30%; 4, 30-50%; 5, greater
than 50 per cent. We used t-tests to assess the effect of infection on
blood parameters, and regression to test for relationships between
necrosis and blood parameters using StatistiXL v. 1.9 (see the elec-
tronic supplementary material). We adjusted alpha levels (a« = 0.1
due to our small sample size) using the false discovery rate pro-
cedure suggested by Narum [15]: t-tests: a = 0.07, regressions:
a = 0.04 (see the electronic supplementary material for details).

Table 1. Statistics for the effects of Geomyces destructans infection on blood parameters, and regression analyses describing the relationship between necrosis score and blood parameters.
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Figure 1. (a) Blood parameters of bats infected with Geomyces destructans (inf., black bars, n = 8) versus controls (con., white bars, n = 18) illustrating electrolyte
concentrations, haematology and acid —base balance. Error bars indicate standard error, and asterisk represents p << 0.07 (table 1). (b) Relationship between wing

necrosis score and sodium concentration and carbon dioxide partial pressure.

3. Results

Blood parameters differed between infected and control bats
(table 1). In terms of electrolytes, sodium concentration was
lower for infected bats than controls but potassium did not
differ (figure 1a and table 1). Haematology of infected bats dif-
fered from controls, with increased haematocrit and decreased
glucose concentration (figure 1a and table 1). With regards to
acid—base status, we found reduced pCO, and bicarbonate
concentrations, but no change in pH (figure 1a and table 1).
Mean necrosis score of infected bats was 2.2 + 0.39 (range
1.0-4.0). Sodium concentration, as well as pCO, and bicarbon-
ate concentrations, were negatively related to the severity of
necrosis but other variables were not (figure 1b and table 1).

4. Discussion

Bats inoculated with Gd showed pronounced changes in blood
physiology. Specifically, we observed (i) extracellular electro-
lyte depletion (reduced sodium), (ii) changes in haematology
indicative of dehydration (increased haematocrit) and possibly
starvation (decreased glucose) and (iii) evidence consistent
with disrupted acid-base balance (reduced pCO, and bi-
carbonate). Sodium, pCO, and bicarbonate were negatively
associated with wing necrosis score suggesting a mechanistic
link between wing damage and pathophysiology. This sup-
ports the hypothesis that hypotonic dehydration associated

with fungal infection contributes to WNS mortality, and
implies that water and electrolyte imbalance, reduced blood
supply to tissues and altered acid—base balance play a role in
disease-related morbidity.

The decreased sodium concentrations we observed are con-
sistent with severe fluid loss. Sodium concentrations measured
previously for naturally and experimentally infected M. lucifu-
gus, as well as healthy controls [10], were nearly identical to the
values we observed. Cryan et al. [10] also found reduced chlor-
ide (not measured in our study) but ruled out renal failure
based on normal urine specific gravity values [10], and histo-
logical examination showed no evidence of kidney damage
in their study, or ours [12]. Hypotonic dehydration can be
caused by severe burns [16], and burn victims may suffer
hypovolaemia and increased evaporative water loss (EWL;
[13]). In addition to sodium depletion, we found elevated hae-
matocrit, which could be explained by erythrocyte swelling in
hypotonic plasma but is also consistent with hypovolaemia
and dehydration [14] and, given the critical water economy
of hibernating bats in general [17], a dehydrated state is
highly plausible. Taken together, these results support the
hypothesis that electrolyte imbalance resulted from fluid loss
across the compromised epidermis.

Based on these results, and the emaciated state of infected
bats [12], we propose a mechanistic model connecting wing
lesions caused by Gd with a cascade of pathophysiological
responses, disrupted homeostasis and morbidity /mortality
(figure 2). Wing damage in our model has two direct
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Figure 2. Theoretical model connecting damage to bat wings caused by
Geomyces destructans with disruption of physiological processes which main-
tain homeostasis during winter hibernation, thus ultimately leading to
mortality. Dashed line indicates alternative possible relationship. EWL,
evaporative water loss; RR, respiration rate.

consequences: damage to the epidermis enables fluid loss
and depletion of sodium (and presumably chloride [10]),
while damage to underlying connective tissue increases vas-
cular permeability, further accelerating fluid loss [9,10]. Both
contribute to reduced plasma volume (i.e. hypovolaemia),
causing elevated haematocrit and increased blood viscosity
[14]. Hypovolaemia reduces blood pressure and inhibits
capillary refill, causing local hypoxia. Hypovolaemia stimu-
lates thirst [18] and could trigger bats to arouse from torpor
to drink. EWL also influences torpor bout duration in hiberna-
tors even at high relative humidity [17]. Thus, fluid loss over
the compromised epidermis could explain the increased
frequency of arousals from torpor and premature fat depletion
we reported previously [12]. Results here suggest that
increased arousals reflected a response to elevated EWL,
hypovolaemia and thirst.

Our model explains the disruption in acid—base balance
suggested by our results. Dehydration and hypovolaemia
can cause metabolic acidosis due to anaerobic lactic acid pro-
duction in tissues with reduced blood flow. Plasma pH was
not significantly reduced with infection probably owing to
buffering by bicarbonate and the quick response by periph-
eral chemoreceptors to acidosis triggering an increase in
respiration rate to off-load CO, [19]. This is consistent with
the decreased pCO, we observed. Increased respiration
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